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Abstract:  
 
The work contained within this thesis is a field and laboratory study of snowpack 
and sea-ice optical and physical properties, and a computation modelling study of 
photochemical reaction rates within snowpack.  The contribution of snow 
photochemistry to snow and atmospheric oxidative capacity is controlled in part 
by snow albedo and e-folding depths in snow. Albedo and e-folding depths (and 
thus snow photochemistry) are a function of black carbon mass ratio in snow.  
The work contained within this thesis demonstrates the complicated response of 
albedo, e-folding depth (wavelengths 300–600 nm) and depth-integrated 
production rates of NO2 and OH radicals to increasing black carbon mass ratio in 
well-characterised snowpacks of the Barrow OASIS campaign, Alaska.   All 
snowpacks were reworked layered windpacks and were found to have similar 
responses to changes in black carbon mass ratio.  The radiative-transfer 
calculations demonstrate two light absorption regimes: ice-dominated and black 
carbon dominated.  The ice-dominated and black carbon dominated behaviour of 
albedo, e-folding depth and depth-integrated production rates with increasing 
black carbon mass ratios are presented.  For black carbon mass ratios greater than 
20 ng g
-1
 (wavelength range of 300–600 nm), e-folding depth and depth-
integrated production rate have an inverse power law relationship with black 
carbon mass ratio.  Doubling the black carbon mass ratio decreases the e-folding 
depth to ~70% of the initial value and for solar zenith angles greater than 60°, 
doubling the black carbon mass ratio decreases depth-integrated production rates 
of NO2 and OH to ~70% and ~65% of their original values respectively.  Black 
carbon mass ratios in snowpack were also calculated for glacial transects in 
Svalbard and Antarctic using a filtering technique developed by Clarke and 
Abstract 
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Noone (1985).  The optical properties of Antarctic sea-ice were studied through 
bi-directional reflectance factor measurements using a Gonio Radiometric 
Spectrometer System (GRASS). 
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Chapter 1 
 
Introduction 
 
1.1 Outline 
Through a combination of field, modelling and laboratory measurements, this 
study measures the optical properties of snow and sea-ice, the concentration of 
black carbon within snowpack and the effect of increasing black carbon and 
HULIS concentrations on albedo, e-folding depth and photochemical reactions 
within snowpack. 
 
Background details of snow formation, snow optical properties, black carbon and 
the principles of photochemistryare covered in the introduction.  Short literature 
reviews are given when needed and more comprehensive reviews for individual 
topics are found within the relevant chapters.   
 
1.2 Aims 
The thesis can be split broadly in 3 categories: fieldwork, modelling and 
laboratory studies.  The main focus of the thesis is to improve the understanding 
of how black carbon affects albedo, e-folding depth and photochemical reactions 
within the snowpack. 
 
The fieldwork aims were to: 
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• Measure the albedo, e-folding depths and snow stratigraphy for coastal 
and non-coastal snowpacks in Barrow, Alaska. 
• Measure the concentration of black carbon for glaciers in Svalbard and 
Antarctica, using filtration methods developed by Clarke and Noone 
(1985). 
• Test the ability of the Gonio RAdiometric Spectrometry System (GRASS) 
to undertake hemispherical-conical reflectance factor measurements in the 
polar environment of Antarctica. 
 
 The modelling aims were to: 
• Calculate in-snow photochemical production rates for the photolysis of 
NO
3
–
, NO
2
–
 and H2O2 for Barrow, Alaska using a snow-atmosphere 
coupled radiative transfer model (TUV-snow, Lee-Taylor and Madronich, 
2002). 
• Investigate the effect of impurities (black carbon and HULIS) on e-folding 
depth, albedo and snow photochemistry for four characteristic snowpacks 
measured during the Barrow 2009 campaign.  
• Investigate the effect of black carbon on albedo and e-folding depth using 
data taken from previous studies at Greenland, Alert, Cairngorms and the 
South Pole (Fisher et al. (2005); Grenfell and Maykut (1977); Grenfell and 
Warren (1994); King and Simpson (2001) and Lee-Taylor and Madronich 
(2002)). 
 
The laboratory aims were to: 
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• Determine the absorption due to black carbon and the concentration of 
black carbon for filter samples collected on glaciers in Oscar II Land, 
Svalbard and Victoria Land, Antarctica. 
 
1.3  Formation of snow 
Ice is a key component in the carbon cycle and therefore it is important to have an 
understanding of the different formations of ice crystals, from cirrus ice particles 
in the atmosphere to snow and sea-ice on the Earth’s surface (McNeill, 2012).  
Snowflakes are single ice crystals that form and grow from water vapour.  The 
morphology of snow has been studied for centuries (e.g. Frank, 1982; Kepler, 
1966; Kobayashi and Kuroda, 1987; Mason, 1992; Nakaya, 1954; Wang, 2002); 
Around 1611, Kepler investigated the origins of snow crystal symmetry and 
Descartes described the forms of natural snow crystals in 1637.  The work by 
Kepler and Descartes stemmed research into the variety of snow crystal 
morphologies found in natural snowfalls (e.g. Bentley and Humphrey, 1931; 
Chickering, 1864; Kobayashi and Kuroda, 1987; Libbrecht, 2005; Nakaya, 1954; 
Scoresby, 1820).  
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Figure 1.1.  Diagram showing snow morphology with temperature and water saturation.  Dotted 
black lines represent change in morpholoy, solid black line represents water saturation. (Adapted 
from Libbrecht (2005), Figure 2). 
 
Figure 1.1 suggests a scheme for the morphological development of snowflakes 
indicating quantitatively the water saturation and temperature required to produce 
different morphological shapes.  Crystal growth can be affected by air flow over 
the growing snowflake surface and laboratory studies undertaken in controlled 
conditions indicate that the morphology of individual snowflakes can vary greatly 
yet, for a representative sample of snowflakes, the snowflake morphology shown 
in Figure 1.1 holds true (Libbrecht, 2005). 
 
Precipitation type is mainly determined by the vertical profile of the atmosphere. 
When temperaures at low levels of the atmosphere vertical profile are slightly 
above 0°C, snow is possible particularly if there is no freezing layer above the 
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lower level warmer layer (Bourgouin, 2000; Bluestine, 1993; Huffman and 
Norman, 1988).  After snowfall, the snow on the ground is affected by solar 
radiation, windpumping and temperature variations that lead to water vapour and 
temperature fluxes within the snowpack causing a change to the size and shape of 
the snow crystals (Cabanes et al., 2002; Domine and Shepson, 2002).  Changes in 
the snow crystal size and shape are termed snow metamorphism and can affect the 
albedo, light penetration depth and response to impurities contained within snow 
for individual snowpacks.  
 
Snow is comprised of a variety of phases e.g. air, ice and quasi-liquid water 
layers.  McNeill et al. (2012) highlight that the state of the ice surface varies with 
temperature.  A nanoscale region of surface on pure ice exists near the melting 
temperature, it is referred to as the quasi-liquid layer.  The quasi-liquid layer is so 
thin that most molecules within the medium are affected by the nearest interface 
so the properties of the molecules in the quasi-liquid layer are different from the 
molecules in a liquid.  Properties that could be affected are mobility, interactions 
with other molecules and reactivity.  As temperature increases, the quasi-liquid 
layer increases in extent.  In this thesis, snow is treated as a single phase of ice 
grains.  It is unknown where the chemical reactions within snow occur; it could be 
within the air, or the ice, or the quasi-liquid layer.  As there is no clear answer to 
where the chemical interactions within snow occur, the concept of multi-phase 
snow is too complicated for measurement processes used in this thesis and thus a 
single phase is used. 
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1.4  The response of snow to climate change 
Over 30 % of the global land surface is covered in snow seasonally and sea-ice 
covers up to 7 % of the world’s oceans (Dieckmann and Hellmer, 2005; Painter et 
al., 1998; Robinson et al., 1993).  Understanding the controls on snow cover is 
important because climate sensitivity is often controlled by the cryospheric 
response to climate forcing (e.g. Flanner et al., 2007; Jin and Simpson, 2001; 
Lemke et al., 2007; Levis et al., 2007; McNeill, 2012).  Field and modelling 
studies have shown the influential role of snow on the global heat budget, 
particularly in areas with ephemeral snow cover (Barnett et al., 1989; Berry, 
1981; Gates et al., 1992; Kukla et al., 1986; Mitchell et al., 1990; Robinson and 
Kukla, 1985; Walsh et al., 1985).   
 
1.4.1 Snow and sea-ice extent 
Since the late 1960s, the extent of snow in the Northern Hemisphere has been 
monitored and the observations have indicated that the Arctic is the most sensitive 
area to climate change (Dewey and Heim, 1981; Iwasaki, 1991; Manabe et al., 
1992; Wang et al., 2012).  Recent observations have shown a decrease in the 
snow and sea-ice extent and thickness due to rapid warming, which can cause a 
variation of up to 50 % in the interannual planetary albedo (Browse et al., 2012; 
Cavalieri et al., 2003; Comiso, 2012; Curry et al., 1996; Koch and Hansen, 2005; 
Kwok and Rothrock, 2009; Kwok and Untersteiner, 2011; Maslanik et al., 2007; 
Parkison et al., 1999; Qu and Hall, 2005; Rothrock et al., 1999; Vinnikov et al., 
1999)  
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1.4.2 Albedo 
The surface reflectance (surface albedo) of snow and sea-ice controls the 
proportion of solar radiation reflected or absorbed by the snow or sea-ice surface 
and thus is important for climate studies.  Snow cover on sea-ice is a prominent 
feature, particularly in the Arctic Ocean (Jin and Simpson, 2001). Sea-ice can 
strongly influence local and global climate conditions by increasing surface 
albedo and insulating the relatively warm ocean from the atmosphere above thus 
modifying the air-sea energy exchange (Allison, 1982; Allison et al., 1993; Curry, 
1995; Ledley, 1991; Maykut, 1978; Walsh, 1993; Worby and Allison, 1991).  
Changes in snow and sea-ice cover control the variability of mid and high latitude 
albedo (e.g. Flanner et al., 2007; Jin and Simpson, 2001; Lemke et al., 2007; 
Levis et al., 2007; McNeill, 2012; Qu and Hall, 2005). The albedo of snow and 
sea-ice is controlled by several factors including solar zenith angle, liquid water 
content, size of ice grains and impurities within the snowpack (e.g. Aoki and 
Tanaka, 2008; Aoki et al., 1999; 2000; 2006; 2007; Flanner et al., 2007; Grenfell 
and Warren, 1994; Motoyoshi et al., 2005; Tanikawa  et al., 2006; 2009; Warren 
and Wiscombe, 1980; Wiscombe and Warren, 1980).  
 
1.4.3. Light penetration depth 
Light penetration depth (or e-folding depth) is the distance for the irradiance of 
diffuse light to decrease to 
1
e
 (or ~37 %) of its initial value (King and Simpson, 
2001).  Only a handful of studies (e.g. Beine et al., 2006; Fisher et al., 2005; 
France et al., 2007; 2011a; 2011b; 2012; Gerland et al., 1999; King and Simpson, 
2001) have measured light penetration depth within snow, yet it is important for 
snow photochemistry, therefore the light penetration work undertaken in this 
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thesis will further the understanding of the behaviour of light in snowpack that 
contain impurities.   
 
1.5  Photochemistry of snow 
Photochemical dissociation is the breakdown of a molecule to its simpler 
components using the energy from photon excitation to break chemical bonds.  
There are two laws in photochemistry: (1) For a photochemical reaction to occur 
light must be absorbed by a reactant (the Grotthuss-Draper law), and (2) for each 
photon of light absorbed, only one molecule of reactant is given the activation 
energy needed for the reaction (the Stark-Einstein law) (Moser, n.d.). 
 
The presence of chemicals within snow has been recognised for some time, 
however, recent evidence has shown that sunlit snowpack and ice play an 
important role in processing atmospheric species and the release of these 
photochemically generated species may significantly impact the chemistry of the 
overlying atmosphere (e.g. Beine et al., 2002b; Fuhrer et al., 1996; Grannas et al., 
2007; Honrath et al., 1999; Jacobi et al., 2004; Low et al., 1990; Mulvaney  et al., 
1998; Neftel et al., 1985; Sumner and Shepson, 1999; Thomas et al., 2012).  The 
influence of snow photochemistry on the concentration of chemicals within the 
atmosphere has important implications for regional tropospheric chemistry and 
can lead to loss of snow and sea-ice through warming effects (Hansen et al., 2005; 
Jones et al., 2000).  In snowpack, major elements and some compounds show 
little post-depositional change to the chemistry of the top 1 m of snow, however, 
post-depositional photochemistry can alter chemical concentrations, such as 
nitrate and hydroxyl radicals, within snowpack and therefore needs to be 
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considered when interpreting ice cores as a proxy for past atmospheric chemical 
concentrations (Blunier et al., 2005; Domine and Shepson, 2002; Freyer et al., 
1996; Grannas et al., 2004; Wolff, 1995; 1998). 
 
For this thesis, the presence of nitrate (NO
3
–
), nitrite (NO
2
!
) and hydrogen 
peroxide (H
2
O
2
) within snowpacks is of interest as the species can react 
photochemically to produce product(s) that have been observed as fluxes above 
the snowpack surface (R1.1–1.3)(Beine et al., 2001; 2002; 2003; 2008; Dibb et 
al., 2004; Grannas et al., 2007; Honrath et al., 1999; 2000a; 2002; Jones et al., 
2000; 2001; Wang et al., 2008).   
    (R1.1) 
     (R1.2) 
    (R1.3) 
 
Several field and laboratory studies have highlighted photochemical reactions 
involving nitrate within snowpack as a source of NOx fluxes between the 
snowpack and the atmosphere, as shown in Figure 1.2 (Beine et al., 2002a; 2002b; 
2003; 2006; Boxe and Saiz-Lopez, 2008; Chu and Anastasio, 2003; 2005; 2007; 
Davis et al., 2001; 2004; Dibb et al., 2004; Dubowski et al., 2002; 2001, 
Dubowski and Hoffmann, 2000; Fisher et al., 2005; Grannas et al., 2007; Honrath 
et al., 1999; 2000a; 2000b; 2002; Jacobi and Hilker, 2007; Zhou et al., 2001).   
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Figure 1.2.  A schematic diagram showing the link between photochemical reactions within 
snowpack and chemical concentrations in the overlying atmosphere. 
 
Measured concentrations of  nitrate within polar snowpack range between 0.5– 
0.8 !mol dm
-3
 (Simpson et al., 2002; Weller et al., 2004).  After deposition, the 
concentration of nitrate ions within snow can significantly change due to re-
mobilisation of the ions to surface layers of snow crystals and the release of 
nitrate ions from top layers of snow (Beine et al., 2002a; Rothlisberger et al., 
2002).  As nitrate ions in ice-cores (used as a proxy for palaeoclimate conditions) 
are easy to measure, it is important to understand and quantify the post-deposition 
processes that affect the nitrate ions within the snowpack to calculate a 
meaningful record of palaeo-ozone levels (Grannas et al., 2007; Hastings et al., 
2004; McCabe et al., 2007).  Sources of nitrate are from atmospheric deposition, 
generally in the form of fogs, precipitation and dry deposition (Bergin et al., 
1995).  Ozone and particulate matter are formed using NOx therefore the 
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atmospheric cycle of nitrogen, which influences the chemical composition of the 
lower atmosphere and the deposition pattern of nutrients at the Earth’s surface, is 
important for regional air quality and radiative balance (Brown, 2006; Crutzen, 
1970; Morin, 2008; Shindell, 2007). 
  
Hydrogen peroxide concentrations in snow, measured in both the Arctic and the 
Antarctic, range between 1–18 !mol dm
-3
 (Hutterli et al., 2001; Jacobi et al., 
2004; Kamiyana et al., 1996; Puxbaum and Tscherwenka, 1998).  The 
photochemical breakdown of hydrogen peroxide is likely to be the dominant 
source of OH radicals in snowpack as the small concentration of nitrite measured 
in snowpack, 0.01–0.02 !mol dm
-3
 (France et al., 2007; King et al., 2005), and a 
lack of nitrite measurements in comparison to hydrogen peroxide means that the 
role of nitrite ions in producing OH radicals is unclear (Chu and Anastasio, 2007).  
Hydrogen peroxide has previously been used as a palaeoclimate indicator and thus 
it is important to consider the role of photochemistry for ice cores as well as OH 
radical production (Jackson, 1999).  It is imperative to understand the production 
process of OH radicals as the radicals have been implicated in the production of 
volatile compounds that, when emitted from snowpacks, can lead to changes in 
the chemistry of the overlying atmosphere boundary layer and destroy low level 
ozone (Dibb and Arsenault, 2002; Domine and Shepson, 2002; Grannas et al., 
2002; Houdier et al., 2002; Impey et al., 1999).  Hydroxyl radicals can also 
oxidise organic carbon compounds and it has been suggested that trace organic 
compounds within ice cores may be used as palaeoclimate markers for 
palaeoatmospheric reconstruction (Grannas et al., 2006). 
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1.6 The role of impurities within snowpack 
A quarter of the global domestic product and a sixth of the world’s population 
depend on snow melt for water resources (Barnett et al., 2005).  Light-absorbing 
impurities within snowpack may have a significant impact on polar climates by 
altering the seasonal cycle, temperature profile, cloud amount and temperature, 
contributing to the surface energy budget, influencing the polar radiative balance 
and dominating the absorption of solar radiation thus leading to accelerated snow 
and ice melt (Doherty et al., 2010; Hegg et al., 2009; Jacobson, 2001; Koch and 
Hansen, 2005).  The work presented in this thesis investigates how impurities 
within snow can affect the behaviour of light (albedo and e-folding depth) and 
also the photochemical reactions within the snowpack. 
 
1.6.1 Types of impurity 
Many different impurities, i.e. dust, volcanic ash, HULIS (HUmic LIke 
Substances) and black carbon, can be found within snowpacks.  Trace amounts of 
impurities within snowpack can affect the optical properties of the snow (Flanner 
et al., 2007; France et al., 2012; Reay et al., 2012; Warren and Wiscombe, 1980).  
Black carbon, continental dust and volcanic ash are most likely to have 
widespread effects on snow albedo due long-range atmospheric transportation 
methods (Doherty et al., 2010; Koch and Hansen, 2005; Stohl, 2006; Shindell et 
al., 2008; Warren, 1984). However, black carbon is 50 times more efficient than 
dust and 200 times more efficient than volcanic ash at reducing albedo (Warren, 
1984) thus, as it is the most efficient absorber per unit mass of carbon compared 
to other aerosol carbonaceous constituents (Hoffer et al., 2006), this thesis 
concentrates on black carbon impurities within snow. 
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1.6.2  Black carbon 
1.6.2.1 Sources of black carbon 
Black carbon is produced from incomplete combustion of carbonaeous material 
by sources such as diesel engines, coal burning, residential wood burning, 
agricultural and forest fires (Bond and Bergstrom, 2006; Bond et al., 2004; 
Hansen and Nazarenko, 2004; Menon et al., 2009).  Ice cores and glaciers contain 
a historical record of the atmospheric deposition of aerosols from natural and 
anthropogenic sources (McConnell et al., 2007; Warren and Clarke, 1990; Warren 
and Wiscombe, 1980; Warren et al., 2006).  Black carbon concentrations have 
varied significantly in the past 215 years and observations indicate a seasonal 
cycle of Arctic pollution, with maximum long-range aerosol transport in 
winter/early spring and a maximum influence from regional sources in summer 
(Eleftheriadis et al., 2009; Law and Stohl, 2007; McConnell et al., 2007; Quinn et 
al., 2007; Sharma et al., 2006).  McConnell et al. (2007) used ice cores from 
Greenland to study the black carbon variation in the Arctic over the last 215 years: 
Before industrilisation in the mid-1800s, the average annual concentration of 
black carbon was 1.7 ng g
-1
 with high seasonal variability.  Annual black carbon 
concentrations rose after 1850, peaking at more than 20 ng g
-1
 in the early 1900s, 
then declined until the 1950s.  From 1950 until the present day, the average 
annual black carbon concentration is characterised by high variability in summer 
and a gradual decline in winter black carbon concentrations, with a resulting 
average annual black carbon concentration of 2.3 ng g
-1 
(McConnell et al., 2007).  
Present day Arctic black carbon concentration ranges from 0.2–60 ng g
-1
 with 
extreme values of 250 ng g
-1
 (Doherty et al., 2010) 
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There have been several studies into the source regions and pathways for 
pollution in the Arctic (e.g. Browse et al. (2012); Polissar et al., 1999, Sharma et 
al., 2004; 2006; Xi et al., 1999). A schematic diagram summarising the major 
transport pathways and removal processes that affect the seasonal cycle of Arctic 
aerosol concentrations can be seen in Figure 1.3.   
 
 
Figure 1.3.  A schematic diagram showing the major transport pathways and removal processes 
that affect the seasonal cycle of Arctic aerosol concentrations in Winter-Early Spring (left) and 
Summer (right).  (Adapted from Browse et al., 2012, Figure 11).  
 
The dominant source of black carbon in polar regions is anthropogenic, fossil 
fuels alone can produce over 8 ! 10
9
 kilograms of black carbon annually, but 
biomass burning is also an important aerosol source, contributing a maximum 
total of 6 ! 10
9
 kilograms of black carbon per year to the atmosphere (Cooke and 
Wilson, 1996; Gray, 1976; Hegg et al., 2009; Koch and Hansen, 2005; Maenhaut 
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et al., 1989; Stohl et al., 2006; Sturges and Barrie, 1989; Warren, 1984).  As the 
source of black carbon is primarily anthropogenic combustion, including fossil 
fuel and biomass burning, human population restricts the geographical location of 
the sources (Highwood and Kinnersley, 2006).  Figure 1.4 shows the distribution 
in global emissions of black carbon from fossil fuels and biomass burning.  The 
proximity of pollution sources to the Arctic in comparison to the Antarctic makes 
the area more sensitive to changes in black carbon concentration. 
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Figure 1.4.  Global emissions of black carbon from a) fossil fuels and b) biomass burning.  Data 
taken from the Global Emissions Inventory Activity (1985).  (Adapted from Highwood and 
Kinnersley (2006), Figure 2). 
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1.6.2.2 Black carbon and climate change 
It has been proposed that there are four ways in which black carbon affects 
climate: the direct effect, indirect effect, semi-direct effect and indirect surface 
albedo effect (Highwood and Kinnersley, 2006).  When black carbon scatters or 
absorbs solar radiation it is termed the direct effect.  An increase in atmospheric 
black carbon can decrease planetary albedo causing a 5% reduction in the amount 
of solar radiation that reaches the ground thus leading to changes in surface heat 
and moisture fluxes and the dynamics of the atmospheric boundary layer 
(Krishnan and Ramanathan, 2002; Liu et al., 2002; Ramanathan et al., 2001).  
Black carbon can be nucleated or scavenged within other aerosols thus altering the 
microphysics of clouds by causing changes in droplet size, the effect is termed the 
indirect effect (Baumgardener et al., 2008; Conant et al., 2002; Kireeva et al., 
2009; Nenes et al., 2002).  The semi-direct effect describes how atmospheric 
heating by black carbon can alter humidity profiles thus affecting how clouds 
form (Hansen et al., 1997; Koch and Del Genio, 2010).  Modelling and 
measurements undertaken over the Indian Ocean and South America suggest that 
the atmospheric heating rate can be increased by as much as 1–3 K per day when 
a layer of black carbon is introduced into the atmosphere (Ackerman et al, 2000; 
Johnson et al., 2004; Koren et al., 2004).  The final effect, the indirect surface 
albedo effect, occurs when black carbon is deposited onto snow and ice surfaces.  
The indirect surface albedo effect can cause changes to snow and ice melting 
patterns and induce planetary warming, it is the effect that is of interest to this 
thesis. 
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1.6.2.3  Black carbon in snow 
The International Panel for Climate Change (IPCC) estimates that global climate 
forcing by black carbon aerosols is around 0.2 Wm
-2 
(Ramaswamy et al., 2007).  
Hansen et al. (2005) calculated that black carbon in snow had 1.8 times the 
‘climatic warming effect’ of anthropogenic CO2 for a specified radiative forcing.  
However, Flanner et al (2007) considered several additions (described in detail in 
Chapter 4) and calculated that black carbon in snow may actually be 3.2 times 
more efficient at climatic warming than CO2.  It has been suggested that heating 
due to black carbon at the surface of the snowpack melts additional snow or sea-
ice and the black carbon itself changes the reflectivity of the snow (Jacobson, 
2004).  Studies have shown that the albedo of snow can be reduced by ~1% with 
the addition of ~10 ng g
-1
 of black carbon in snow (Clarke and Noone, 1985; 
Flanner et al., 2007; Grenfell et al., 2002; Hansen and Nazarenko, 2004; 
Jaconson, 2004; Warren, 1982; Warren and Wiscombe, 1980; 1985).  In West 
China, accelerated melting occurred due to a ~5% reduction in albedo caused in 
glaciers strongly contaminated by black carbon (Ming et al., 2009).   
 
Significant changes can be seen between the perceived concentration of black 
carbon in snowpack and the reduced reflectivity due to a number of factors, i.e. 
snow grain size, solar zenith angle, black carbon shape/size/morphology and 
whether black carbon is situated external or internal to the ice grain (Bohren, 
1986).  The absorbancy of black carbon is increased by 1.4 or more if the black 
carbon particles are intrinsic within the ice crystals rather than mixed externally 
because refraction focuses the light on the absorbers (Bohren, 1986; Chylek et al., 
1983; Dozier, 1989; Grenfell et al., 1981).  The shape of the black carbon particle 
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will also affects its absorptive power; randomly orientated discs or needles have 
an absorbance more than a factor of 2 greater than spherical shape particles 
(Bohren, 1986; Moosmüller et al., 2009). 
 
Laboratory studies undertaken by Hadley and Kirchstetter (2012) confirm that 
black carbon concentrations found in snow at natural settings (Aamaas et al., 
2011; Forsström et al., 2012) noticeably reduced snow albedo.  Increased snow 
grain size, seen naturally in the metamorphism of snow with age (Dirmhirn and 
Eaton, 1975) also decreased snow albedo and amplified the radiative effects of 
black carbon. 
 
Several early studies have been conducted into the effect of black carbon in snow 
and the reduction of snow albedo (e.g. Aoki et al., 2000; Chylek et al., 1983; 
1987; Clarke and Noone, 1985; Flanner et al., 2007; Grenfell et al., 2002; Hansen 
and Nazarenko, 2004; Jacobson, 2004; Warren and Wiscombe, 1980; 1985; 
Wiscombe and Warren, 1980) but there have been no previous studies into the 
effect of e-folding depth change with black carbon. 
 
1.7 Thesis Overview 
This thesis incorporates field, modelling and laboratory studies of snowpack 
photochemistry and the effect of black carbon concentrations within snow, along 
with the reflectance properties of sea-ice. 
 
Chapter 2 focuses on a 2009 spring field campaign to Barrow, Alaska.  
Investigations of coastal and non-coastal snow albedo, light penetration and 
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stratigraphy are presented in Chapter 2a.  The data from the study was modelled 
to derive optical co-efficients for each snowpack and produced depth-integrated 
photolytic production rates of NO2 and OH radicals (Chapter 2b).  Chapter 2c 
looks at the role of impurities (black carbon and HULIS) on snow albedo, light 
penetration depth and depth-integrated photochemical production rates.  The 
consequences of black carbon in snow is further investigated in Chapter 3 by 
using the model to examine the effect of increasing black carbon concentration on 
the albedo and light penetration depth of four snowpacks; Greenland, Alert, 
Cairngorms and South Pole, previously studied by Fisher et al. (2005); Grenfell 
and Maykut (1977); Grenfell and Warren, (1994); King and Simpson (2001) and 
Lee-Taylor and Madronich (2002). 
 
Chapter 4 moves away from the effect of black carbon on snow optical properties 
and photochemistry to consider the concentration of black carbon within snow.  
The field and laboratory study measured the concentration of black carbon in 
glacial snow at Svalbard and Antarctic using a filtration method developed by 
Clarke and Noone (1985).   
 
Chapter 5 shows an assessment of a field study conducted at Tethys Bay, 
Antarctica that tested the ability of the Gonio Radiometric Spectrometer System 
to conduct reflectance measurements in polar environments.  GRASS, originally 
built to measure reflectance in warm, desert environments, calculated the 
hemispherical-conical reflectance factor of the sea-ice at Tethys Bay, the results 
have been evaluated and improvements have been suggested to increase the 
quality of measurements for future polar field studies.  
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Chapter 2 
 
Barrow, Alaska:  OASIS Spring Campaign 2009 
 
2.1 Overview 
The town of Barrow, Alaska is situated on the Chukchi sea coast at 71°17’44”N, 
156°45’59”W.  Located 320 miles north of the Arctic Circle, Barrow experiences 
a cold, dry polar climate with seasonal snow settling from October to May each 
year.  Owing to the topography surrounding the city, strong wind events are 
common and frequently cause blowing snow conditions which rework fallen snow 
into windpacks. 
 
In Spring 2009, a large international campaign to Barrow was arranged by the 
organisation ‘Ocean-Atmosphere-Sea-Ice-Snow’ (OASIS) to instigate a 
collaborative project between scientists from atmospheric and snow research 
disciplines.  The overall aim of the campaign was to investigate key science issues 
regarding air-surface chemical interactions and their evolution in future Arctic 
climates.  Barrow was an ideal location for the collaborative project due to the 
proximity and accessibility of terrestrial and marine sampling sites plus the 
convenient transport links from Barrow to other parts of the United States of 
America.  The campaign was based at the BARC (Barrow Arctic Research 
Centre) research facility and measurements were located within 0.3-15km of the 
site (Figure 2.1). 
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Figure 2.1.  Relation of BARC research facility in terms of North America, Alaska and the city of 
Barrow.  Adapted from www.lonelyplanet.com/maps/north-america/usa/alaska/ and 
www.eol.ucar.edu/projects/ceop/dm/insitu/sites/other/NSA/Barrow/ 
 
2.2 Experiments at Barrow 
The following sections describe experiments undertaken by other research groups 
throughout the Barrow campaign: 
 
2.2.1 Formaldehyde in the Alaskan Arctic snowpack: partitioning and 
physical processes involved in air-snow exchanges 
The study investigated the physical processes involved in formaldehyde (HCHO) 
air-snow exchanges through atmospheric and snow measurements during the 
campaign.  The project quantitatively explained HCHO concentration changes in 
a fresh diamond dust layer by the equilibration of a solid solution of HCHO in ice, 
through solid-state diffusion of HCHO within snow crystals.  The investigation 
found that HCHO in snow equilibrates by solid state diffusion and photochemical 
production of HCHO takes place in the snowpack (Barret et al., 2011). 
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2.2.2 Soluble chromophores in marine snow, seawater, sea-ice and frost 
flowers 
The project measured light absorption in marine snow, sea-ice, seawater, brine 
and frost flower samples at multiple sites between land fast ice and open pack ice 
in coastal areas (~5 km west of Barrow).  The investigation found that light 
absorption in frost flowers is 40 times larger than in terrestrial snow.  
Chromophoric dissolved organic matter was identified as a major source of OH in 
Barrow marine samples and H2O2, NO3
!
 and NO
2
!
 contribruted <1% to light 
absorption in marine samples (Beine et al., 2012). 
 
2.2.3 Soluble, light-absorbing species in snow 
Terrestrial melted snow samples were measured for light absorption, H2O2 and 
inorganic anion concentrations.   The three key findings of this investigation were: 
snow choromophores are 50:50 HULIS and unknown with HOOH and NO
3
-
making only minor contributions; there are four sources of chromophores in 
Barrow: vegetation, marine, diamond dust and atmospheric exchange; photo-
bleaching of chromophores in snow is significant (Beine et al., 2011). 
 
2.2.4 Structure, specific surface area and thermal conductivity of the 
snowpack 
Vertical profiles of density, specific surface area and thermal conductivity were 
measured on landfast ice, lakes and tundra to study the structure of the snowpack.  
The investigation found that snow properties are highly influenced by climate, 
particularly wind, and the properties of the snow at Barrow allow efficient storage 
of chemical species (Domine et al., 2012). 
 
2.2.5 The specific surface area and chemical composition of diamond dust 
The specific surface area of diamond dust was measured along with the chemical 
composition including mineral and organic ions, dissolved organic carbon, 
aldehydes and hydrogen peroxide.  The absorption spectra of water-soluble 
chromophores were also measured.  The investigation found that ions, mercury, 
aldehydes, hydrogen peroxide and organic carbon and evidence of photochemistry 
were present in precipitated diamond dust (Domine et al., 2011a). 
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2.2.6  Frost flowers growing in the Arctic: chemical composition and mercury 
exchange between the atmosphere, snow and frost flowers 
The investigation had two aims: to determine the chemical composition of frost 
flowers and to measure the mercury exchange between the atmosphere, snow and 
frost flowers.  The chemical composition was quantified by the major ion, stable 
oxygen and hydrogen isotope, alkalinity, light absorbance by soluble species, 
organochlorine and aldehyde composition of frost flowers, brine and sea-water.  
The investigation found that brine and frost flowers have interactions with the 
lower atmosphere, frost flowers have both a predictable and unpredictable 
chemical composition and changing sea-ice regimes is likely to mean more brine 
and frost flowers in the future (Douglas et al., 2012).  Stable isotopes of mercury 
were used to trace mercury cycling during atmospheric mercury depletion events 
(AMDEs).  It was found that mercury re-emitted from snow during AMDEs was 
adsorbed by frost flowers and frost flowers helped to aid the local retention of 
mercury on sea-ice during AMDEs (Sherman et al., 2012). 
 
2.2.7 The vertical distribution of BrO and aerosol in the Arctic: 
Measurements by active and passive differential optical absorption 
spectroscopy 
The study undertook simultaneous measurements of vertical profiles of aerosol 
extinction and BrO and found that BrO was released from aerosols and airborne 
ice particles as well as first-year sea-ice or frost flowers at low temperatures 
(Frieß et al., 2011). 
 
2.2.8 PTR-MS observations of photo-enhanced VOC release from Arctic and 
midlatitude snow 
The study used proton transfer reaction-mass spectrometry (PTR-MS) was used to 
make real-time measurements of volatile organic species (VOC) from irradiated 
snow and found that similar VOCs were emitted from irradiated snow in vastly 
different locations (Barrow, Alaska; Alert, Nunavut; Egbert and Toronto, 
Ontario).  The VOC emissions are potentially affected by snow composition (Gao, 
et al., 2012). 
                                                                                                                                                                                                                                                                                                                                                                                        
!"#$%&'()*(+,-.-(-$'/01(!#2$#/10()3345(6#''789(,:#;<#(
( )=(
2.2.9 Chemical composition of the snowpack during the OASIS spring 
campaign 2009 at Barrow, Alaska 
The physical and chemical processes in the snow were investigated and used, 
along with the current chemical composition of Arctic snowpack, to determine the 
major processes influencing the chemistry of the snowpack.  The snow samples 
collected were analysed for major sea salt components, bromide and nitrate 
(Jacobi et al., 2012). 
 
2.2.10 Observation of inorganic bromine (HOBr, BrO and Br2) speciation 
The investigation reported the first direct observations of hypobromous acid 
(HOBr) as well as measurements of bromine oxide (BrO) and molecular bromine 
(Br2) by chemical ionization mass spectrometry.  Direct evidence for the 
activation of bromine by high winds was found and it was proved that HOBr 
could be reproduced with a model including aerosol uptake (Liao et al., 2012).  A 
comparison was made between results of in situ BrO measured using a chemical 
ionisation mass spectrometer (CIMS) and the average concentration of BrO along 
light paths of either 7.2 or 2.1 km made using a long path-differential optical 
absorption spectrometer (LP-DOAS) (Liao et al., 2011). 
 
2.2.11 An isotopic view on the connection between photolytic emissions of 
NOx from the Arctic snowpack and its oxidation by reactive halogens 
The aim of the investigation was to provide a comprehensive (nitrogen and 
oxygen) isotopic composition of nitrate measured over one year at Barrow.  The 
study found that NOx emissions from the snowpack strongly interacted with 
reactive halogens and there was no significant correlation between the daily 
averaged ozone, BrO and !
17
O (Morin et al., 2012). 
 
2.2.12 Springtime boundary layer ozone depletion: Meteorological influence, 
year-to-year variation and long-term change. 
A detailed picture was obtained from soundings for the vertical structure of the 
ozone depletion events observed in April 2009 and throughout the campaign 
(March-April 2009).  The investigation found that changing sea-ice conditions 
were altering the ozone boundary layer chemistry and Spring boundary layer 
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ozone depletion events have increased in March in Barrow.  Transport strongly 
influences the boundary layer ozone depletion at Barrow (Oltmans et al., 2012). 
 
2.2.13 The relative importance of chlorine and bromine radicals in the 
oxidation of atmospheric mercury 
Previous to the Barrow campaign, the identities of halogen radicals that oxidize 
mercury in the Arctic were unknown.  Through field measurements of GEM, 
RGM, ozone and a large suite of inorganic halogen and volatile organic 
compounds the investigation found that Br, BrO and Cl can be important and that 
measurements of temperature-dependent rate constants needed to be made, 
especially for Cl (Stephens et al., 2012).  
 
2.2.14 Nitrous acid (HONO) during polar spring: a net source of OH 
radicals? 
HONO was measured by a long path absorption photometer (LOPAP) for the 
duration of the campaign.  Polar HONO concentrations measured at Barrow were 
much lower than values measured in other polar regions by previous studies using 
different methods. However, HONO is still a major source of OH radicals in the 
polar atmosphere.  The photosensitized conversion of NO2 from snow surfaces 
containing humic acid may be the more likely source of HONO in the polar 
atmosphere of Barrow than nitrate photolysis (Villena et al., 2011). 
 
2.2.15 Carbonaceous species and humic like substances (HULIS) in Arctic 
snowpack 
Water insoluble organic carbon, dissolved organic carbon and elemental carbon 
were measured in various types of snow around the Barrow region.  Snow type 
was used to determine the physical process that may influence the concentration 
of dissolved organic carbon measured.  HULIS, short chain diacids and aldehydes 
were quantified and showed to represent <20 % of the total dissolved organic 
carbon concentration in snow.  The optical properties of the HULIS were also 
measured (Voisin et al., 2012). 
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2.3 Aim of Research 
The overall aim of my research throughout the Barrow OASIS campaign was to 
calculate the in-snow production rates of NO, NO2 and OH radicals and the 
absorption by impurities within the snowpack.   
 
In-snow photochemistry has been implicated as a source of production for 
gaseous species such as NOx and OH (hydroxyl) radicals in polar region (e.g. 
Beine et al., 2001; 2002b; 2003; 2008; Dibb et al, 2004; Domine and Shepson, 
2002; Grannas et al., 2007; Honrath et al., 1999; 2000a; 2002; Jones et al., 2000; 
2001; Wang et al., 2008).  The release of photochemical gases can impact the 
overlying atmospheric boundary layer chemistry (e.g. Dibb and Arsenault, 2002; 
Domine and Shepson, 2002; Grannas et al., 2002; Houdier et al., 2002; Impey et 
al., 1999).  The contribution of snow photochemistry to the atmosphere is 
controlled in part by the optical properties of the snowpack i.e. snow albedo and 
light penetration depths in snow.  Photochemical reactions in snow can also 
reduce the amount of precursor material in the snow and ice thus causing false 
signal/proxies in ice cores leading to wrongly interpreted past environmental 
conditions.   Reactions 2.1–2.3 show the mechanisms for the photolysis of nitrate, 
NO
3
–
, in snowpack to produce a molecular flux of NO2 from the snowpack to the 
atmosphere (Reaction 2.1) (Anastasio and Chu, 2009; Beine et al, 2006; Chu and 
Anastasio, 2007; Fisher et al., 2005; France et al., 2007; 2010; King and Simpson, 
2001; Simpson et al., 2002), and hydroxyl radical, OH, production through the 
photolysis of the nitrate anion (R2.1) (Anastasio et al., 2007), hydrogen peroxide 
(Rb.2) and nitrite (Rb.3) (all naturally found in snowpacks). 
    (R2.1) 
     (R2.2) 
    (R2.3) 
 
To calculate the in-snow production rates and absorption by impurities for Barrow 
snowpack the spherical irradiance in snow is needed, a value that cannot be 
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measured and therefore needs to be modelled.  To calculate the in-snow 
production rates and absorption by impurities using the TUV-snow radiative-
transfer model (Lee-Taylor and Madronich, 2002) two optical measurements from 
Barrow were input into the model:  albedo (snow reflectivity) and e-folding depth 
(light penetration depth).  The methods for measuring albedo and e-folding depth, 
and calculating the in-snow production rates and absorption by impurities within 
snow are described in chapters 2a and 2b respectively. 
 
Optical and physical properties measurements made in Barrow, Alaska were part 
of the larger OASIS international field campaign.  The specific objectives of the 
work presented in chapter 2 were: 
1. To determine the physical and visible optical properties of Barrow 
snowpack (350-700 nm) by measuring e-folding depth, surface nadir 
reflectance and snowpack stratigraphy. 
2. Adapt a radiative-transfer model to include known photophysical data for 
natural organic matter and calculate wavelength dependent cross-sections 
from measurements of e-folding depth and snowpack surface reflectivity 
for scattering and light absorption due to impurities. 
3. Calculate the in-snow production rates of NO, NO2 and OH radicals for 
the duration of the OASIS campaign.  The calculations can be used as an 
estimation of the potential flux of NO2 or NO from the snowpack. 
4. Determine the amount and type of light absorbing impurities in the 
Alaskan snowpack using the absorption cross-sections determined from 
field measurements of the snowpack. 
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Chapter 2a 
 
Physical and Optical Properties of Snowpack in Barrow, 
Alaska:  OASIS Spring Campaign 2009 
 
Results from this chapter have been published in “Hydroxyl radical and NOx production rates, 
black carbon concentrations and light-absorbing impurities from field measurements of light 
penetration and nadir reflectivity of on-shore and off-shore coastal Alaskan snow”, J.L. France, 
H.J.Reay, M.D. King, D. Voisin, H.W. Jacobi, F. Domine, H. Beine, C. Anastasio, A. MacArthur 
and J. Lee-Taylor (2012), Journal of Geophysical Research, 117(D00R12), 
doi:10.1029/2011JD016639 (see Appendix 1). 
 
2a.1 Introduction  
In polar regions, in-snow photochemistry has been implicated as a source of 
production for gaseous species such as NOx gases and OH (hydroxyl) radicals 
(e.g. Beine et al., 2001; 2002b; 2003; 2008; Dibb et al, 2004; Domine and 
Shepson, 2002; Grannas et al., 2007; Honrath et al., 1999; 2000a; 2002; Jones et 
al., 2000; 2001; Wang et al., 2008).  The release of phototchemical gases can 
impact the overlying atmospheric boundary layer chemistry (e.g. Dibb and 
Arsenault, 2002; Domine and Shepson, 2002; Grannas et al., 2002; Houdier et al., 
2002; Impey et al., 1999).  The main purpose of my work in Barrow was to 
predict the rate of hydroxyl production or NOx formation in the surrounding 
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snowpack.  The rate determining step in the production of photolytic chemicals is 
the photolysis (E2a.1), 
x + hv! y     (E2a.1) 
the rate of production can be determined using equation (2a.2): 
d[y]
dt
= J[x]     (E2a.2) 
where J = !"I d#$ .  I is the spherical irradiance, ! is the absorption cross-
section of the chromophore (NO
3
- , NO
2
-  or H2O2), " is the quantum yield for 
photolysis, d is depth and # is the wavelength. 
 
To calculate the flux of photochemicals from the snowpack (E2a.3), J needs to be 
known as a function of depth and solar zenith angle and I (irradiance) needs to be 
known as a function of solar zenith angle and depth also.  Irradiance (I) cannot be 
measured directly and thus a radiative-transfer model coupling the atmosphere 
and snowpack must be used to find I.  
F = [y] J dz!     (E2a.3) 
The radiative-transfer model needs an input of a measure of the snowpack 
scattering coefficients and the snowpack absorption coefficient (more details in 
Chapter 2b).  Lee-Taylor and Madronich (2002) have developed a radiative-
transfer model where I is a function of solar zenith angle and depth can be 
calculated with two of three factors: e-folding depth, albedo or concentration of 
black carbon, thus a measure of e-folding depth and albedo is needed.  Albedo 
(snow reflectivity) and e-folding depths are useful metrics and can also be used to 
describe snow climatically (see chapters 2c and 3). 
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The optical properties of the snowpack, i.e. snow reflectivity and e-folding depth, 
control in part the contribution of snow photochemistry to the atmosphere.  Large 
e-folding depths (e.g. Fisher et al., 2005; France et al., 2010) and less absorption 
by impurities within snowpack (i.e. less black carbon or other light absorbing 
snow impurities such as dust or HULIS) (e.g. Reay et al., 2012) are consistent 
with solar irradiance penetrating deeper into snowpack, and therefore can 
potentially produce larger molecular fluxes of nitrogen dioxide from the 
snowpack or larger yields of hydroxyl radicals in the snowpack. 
 
Measurements of the optical properties of snow (nadir reflectance and e-folding 
depth) along with snow type, density and temperature are used in a snow-
atmosphere coupled radiative-transfer model to determine light absorption and 
scattering cross-sections.  The absorption and scattering cross-sections are used to 
calculate spherical irradiance in the snowpack as a function of solar zenith angle 
and therefore allow the photolysis rate coefficients to be calculated, a full 
explanation of the calculations can be found in chapter 2c.   
 
Chapter 2a reports field measurements of e-folding (light penetration) depth and 
nadir reflectivity (Duggin and Philipson, 1982) of Alaskan snowpacks on land and 
sea-ice.   
 
2a.2 Aims 
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2a.3 Methods 
Snowpacks located within 0.3-15 km of the Barrow Arctic Research Centre 
(BARC) (71.32063°N, 156.6748°W) were investigated as part of the OASIS 
(Ocean-Atmosphere-Sea-Ice-Snow) campaign during Spring 2009.  The field 
season of 4th March 2009 to 1st April 2009 was designed to match the field 
seasons of our collaborators.  The principal aim of the fieldwork was to measure 
the optical and physical properties of the snowpack at Barrow, Alaska.   
 
Several snowpacks were optically studied in detail at locations around the OASIS 
field site and 4 snowpacks that represented different snowpack types were chosen 
for detailed analysis.  The decision about where to conduct the field experiments 
was based on 3 main factors: how undisturbed the snow was, the depth of the 
snowpack and how close other collaborators on the campaign were.  At each site, 
a snowpit (~1 m width by ~1 m length) was dug to the depth of the ground or the 
sea-ice surface.  It was ensured that the snow was not contaminated by 
anthropogenic or animal influence.  Measurements of light penetration depth, 
surface nadir reflectance and snowpack stratigraphy were undertaken at every site, 
the methods are described below: 
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2a.3.1 Light penetration depth 
The e-folding depth (light penetration depth) is a useful metric in snow 
photochemistry and is the distance for solar irradiance to decrease to 
1
e
 (or ~37%) 
of the initial value of incident light radiation within a snowpack.  It is calculated 
for each wavelength resolved using the Beer-Lambert law (E2a.4).  The light 
penetration depth for each snowpit was measured via a set of simultaneous 
irradiance measurements following the approach of King and Simpson (2001). 
    (E2a.4) 
 
where Id is the irradiance in snow at a depth d relative to a reference irradiance  at depth d!. 
Depth, d, is deeper than d!. Note d! is a few cm below the surface of the snowpack where all 
irradiance is isotropic (e.g. King and Simpson, 2001).   
 
To eliminate some effects caused by varying snow crystal morphology, the e-
folding depth was scaled by the density of the snowpack.   
 
Equipment used to measure the e-folding depth of the snow: 
• Custom made spectrometer using 6 USB S2000 portable ocean optics 
spectroradiometers 
• Custom made fibre optic cable with PTFE cosine corrector 
• Panasonic toughbook portable laptop computer with appropriate cables 
• Lead-acid batteries 
• 50 cm lengths of ! inch diameter stainless steel tubing 
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To measure the e-folding depth of the snow, a pit was dug so as to expose a 
vertical surface into which 6 fibre optic probes were inserted horizontally with 
approximately 3-5 cm vertical separation and 5-20 cm horizontal separation 
between probes (Figure 2a.1).  The probes were inserted into the wall that ensured 
no shadows would be cast over the measurement surface.  On average, the pits 
were around 1 m by 2 m in size and the exposure to the sample area snow in the 
process of digging the pit was considered to clean the snow shovel to an extent 
where contamination would not be an issue.  The fibre optic probes consisted of 
50 cm long tubes of ! inch stainless steel with a fibre optic inside and a PTFE 
cosine diffuser was attached to the end of each fibre optic probe, thus the 
measuring end of the probe was situated 50 cm into the snowpack from the 
exposed vertical surface of the pit wall and any contamination could be 
considered reduced.  In the ultra-violet and visible wavelengths of light, PTFE 
cosine diffusers are good diffusers but towards the infra-red end of the spectrum 
the quality is reduced.  The fibre optic components were designed to operate in 
temperatures of !60 to +85 °C at a wavelength range of 280–750 nm and 
consisted of a 10 ± 3 "m fibre optic glass encased in 125 ± 2 "m Kevlar cladding 
and 245 ± 10 "m rubber tubing coating.  There is a strain relief boot holding the 
stainless steel tubing and rubber inner tubing in place, this also acts to block out 
any light entering this end of the probe.   
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Figure 2a.1.  An example of fibre optic probe arrangement. 
 
The fibre optic probes were used to measure the intensity of light attenuated at 
different depths throughout the snowpack.  Probes were placed into the fresh face 
of the snow pit facing away from the direction of sunlight so no shadows will be 
cast over the snow surface (Figure 2a.2).   
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Figure 2a.2.  An example of a snowpit set-up. 
 
The probes were inserted horizontally into the snow at increasing depths using the 
arrangement shown in Figure 2a.1 to minimise light path disruption by probes 
higher in the snowpack.   It was attempted to place the probes into the snow in the 
same order with the least sensitive probes near the surface as light intensity 
decreases with depth in the snowpack.  Owing to the curvature of some of the 
metal encasing and the difficulty in keeping probes horizontal on insertion, the pit 
was excavated in the area where the tube tips had been and the depth of the cosine 
corrector was recorded after the measurements had been taken (Figure 2a.3).  The 
probes were numbered and attached to a detector, a bespoke 6-channel 
spectrometer consisting of 6 independent spectrometers (Ocean Optics USB2000) 
assembled in a single portable housing and operated from batteries.  The 6-
channel spectrometer can simultaneously record spectral irradiance from 190–
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1100 nm at a resolution of <1 nm, however the effective wavelength range of 
measurements within the snowpack was constrained to 350-700 nm due to the 
optical properties of the fibre optics, the cosine correctors and the ambient 
irradiance, i.e. the fibre absorbs light.   The signal to noise ratio of the 
spectrometers is typically better than 300:1.   
 
Using the method described in this chapter, the fibre optic probes were inserted 
into the snow only once per set of measurements, reducing the number of 
insertions reduced the variation in insertion angle and probe temperature 
fluctuations between probe measurements at varying depths. 
 
 
Figure 2a.3.  An example of the probe recovery method. 
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Each fibre optic probe was connected to a separate spectrometer (channels) and 
the six individual spectrometers was controlled by a master unit, thus each 
“channel” has a different integration time.  Measurement integration times were 
set once the probes had been inserted into the snow and the integration times 
varied with differing snowpits and snow types.  After essential information such 
as the time and the file names of the measurements were recorded, the integration 
times were reset to the value at which the spectrometers were saturated in the 
wavelength region of 470–580 nm by sunlight and the essential information was 
recorded once more.  The spectrometers were saturated to increase the signal to 
noise ratio in the wavelength regions of 300–400 nm and 650—700 nm.  Typical 
saturated and unsaturated spectra can be seen in Figure 2a.4.  Once all in-snow 
measurements were complete, the probes had to be dug up to record the depth of 
the cosine diffuser (Figure 2a.3). 
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Figure 2a.4.  Combining saturated and unsaturated intensity spectrum. 
 
Dark spectra were also recorded in the field by capping the fibre optic probes thus 
allowing measurement of the electrical noise at ambient temperature.  The 
sensitivity of each spectrometer and fibre were calibrated relative to each other by 
measuring the intensity of solar radiation above the snowpack simultaneously 
with all 6 fibre optic probes pointing at the same target.  A wavelength calibration 
was performed for each spectrometer using a portable mercury-argon Pen-Ray 
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lamp in the field and an intensity calibration was performed for each channel 
using a NIST traceable halogen light source to monitor any decay in the fibre 
optical transmission.  
 
To measure the e-folding depth of the sea-ice the method had to be adapted 
slightly (Figure 2a.5).  The probes were inserted vertically into the sea-ice in an 
arc arrangement by drilling 6 holes, using a masonry drill bit and an electric drill, 
to different depths in the sea-ice.  The method then follows that of snow e-folding 
depth measurements by measuring in-snow irradiance, saturation and dark 
spectra.  Once all the measurements were complete, the probes were pulled out of 
the ice and the depth of the fibre optic end recorded using a measuring pole. 
 
Figure 2a.5.  An example of fibre optic probe arrangement in sea-ice. 
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Each measurement file taken was time stamped with GMT and informed about 
the spectrometer and solar zenith angle.  To generate a useful data set for 
photochemical modelling from the in-field measurements, programs were run to 
combine the data and make corrections for wavelength, electrical noise and hot 
pixels.  The files were corrected using labVIEW programs (Figure 2a.6) allowing 
for wavelength calibration using the daily Hg-Ar lamp reading and removal of the 
baseline using the dark spectra obtained for the same integration period. 
 
 
Figure 2a.6.  Diagram showing the steps taken to analyse the data collected in the field. 
 
The method used in this field experiment differs from that used by France (2011b) 
in previous studies.  France (2011b) used a single fibre optic probe in conjunction 
with a spectroradiometer to measure the light attenuation every 3-5 cm in depth 
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with downwelling surface irradiance, i.e. the measurements were not concurrent 
and sky conditions could change.   In contrast to previous studies (e.g. Beine et al, 
2006; Fisher et al, 2005; France et al, 2011b) the method used here allows the 
light attenuation at varying depths to be measured simultaneously thus under the 
same sky conditions and therefore the need to calibrate each individual 
measurement of in-snow irradiance with a downwelling atmospheric irradiance 
measurement is removed.  The new method removes the variation due to changing 
sky conditions between e-folding depth measurements at different depths within 
the snowpack.   
 
2a.3.2 Albedo 
The reflectance measurements were undertaken using the nadir reflectance 
method (Duggin and Philipson, 1982), a bi-conical method that compares the 
target radiance to that from a diffuse, lambertian reflective panel (E2a.5). 
 
asnow=
Rsnow
Rpanel
     (E2a.5) 
where asnow is the albedo of the snow surface, Rsnow is the relative reflectance of the snow surface 
and Rpanel is the relative reflectance of the reflectance panel. 
 
Two spectroradiometers (GER 1500s) were mounted on tripods, one to measure 
the radiance of a 10” square reference panel (Spectralon®) and the other to 
measure the radiance of the snow surface simultaneously.  The reflectance of the 
panel is calibrated by NERC FSF.  The GER 1500s can measure reflectance over 
the spectral range of 350-1050 nm, with a spectral resolution of 3.2 nm.  The field 
of view used in the measurements at Barrow was 3°.  The target and reference are 
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viewed under the same irradiation conditions and geometry therefore removing 
any influence of overhead sky conditions.  Before and after the snow 
measurements, both spectrometers recorded the radiance of the same spectral 
panel and thus ensuring the spectrometers were calibrated to one another (Figure 
2a.7).
 
Figure 2a.7.  Nadir surface reflectance equipment set-up.  Field of view is 3°.  Measurements 
taken over 350-1050 nm. 
 
To measure the albedo, the following equipment was required: 
• 2 x GER 1500 spectroradiometers 
• 2 x tripod 
• 1 x Panasonic Toughbook laptop 
• 1 x Spectralon reference panel 
• 3 x lead acid batteries 
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The technical specifications of the equipment used to measure reflectivity are 
show in Table 2a.1 
 
Name Part number Specification 
GER1500 2038 and 2039 Spectral Range 350-1050 nm 
3º field of view 
Spectralon Reference Panel SRT 45230-1 Perfect white reflector 
Table 2a.1. Specification of equipment used to measure snow surface albedo. 
 
On average, up to 10 sites along ~1-10 m transect were measured for each snow 
surface with 5 measurements or more taken for each site and then the resultant 
albedo was averaged.  When a transect was completed, both spectrometers were 
once again placed facing the reference panel for re-calibration to record any 
changes that may have occurred throughout the transect.  All snowpack 
reflectance measurements were taken close to solar noon as the sun solar zenith 
angle is changing least at this time and during stable sky conditions.  The 
reflectivity data was analysed using the NERC FSF (Field Spectroscopy Facility) 
template, it calculates a ratio between the spectrometer measuring the reference 
panel and the spectrometer measuring the snow surface.  The method, 
recommended by MacLellan (2006), is the NERC (National Environmental 
Research Council) approved post-processing technique (and is part of their 
equipment hire process) for use with simultaneously collected files from two GER 
1500 spectroradiometers in the dual field of view configuration and uses the 
following procedure: 
1. The input parameters are set, e.g. the correct spectralon plate calibration 
factor is selected (all plates are pre-calibrated using lamps calibrated at the 
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NPL (National Physics Laboratory in Teddington) by NERC FSF prior to 
loan. 
2. The average reflectance measurements from each GER 1500 are ratioed to 
produce a wavelength dependent inter-calibration factor (E2a.6). 
 
Itarget
Ipanel
     (E2a.6) 
where Itarget is the downwelling irradiance measured on the snow surface and Ipanel is the 
downwelling irradiance measured on the reflectance panel. 
3. The data files of snow reflectance measurements for each site are 
interpolated to 1 nm intervals. 
4. Ratioing the snow measurement to the reference measurement calculates 
the relative reflectance values for each measurement which can then be 
calibrated using the inter-calibration factor calculated in step 2 (E2a.7). 
Rtarget = Rpanel !
Itarget
Ipanel
    (E2a.7) 
 
where Rtarget is the relative reflectance of the snow surface, Rpanel is the relative reflectance 
of the reflectance panel, Itarget is the downwelling irradiance measured on the snow 
surface and Ipanel is the downwelling irradiance measured on the reflectance panel. 
 
The GER 1500 measures over the spectral range of 350-1050 nm, sampling every 
1.5 nm.  For each measurement taken, the GER spectrometers were set to average 
over 16 wavelength scans, the recommended setting for balancing length of time 
to produce each measurement with signal:noise ratio (Fowgill, 2005).  A 
representative snow surface reflectance measurement was chosen for the snowpit 
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and this process was repeated for each snowpit so several representative snow 
surface albedos were calculated.  
 
2a.3.3  Snow Stratigraphy 
The vertical profile of the snow texture and structure was recorded in each snow 
pit to understand the context of the optical measurements.  Layers were found 
with brushing and each layer of the snow pit was recorded in a stratigraphic 
diagram showing the depth at which layers occurred, the type of snow within a 
layer and the hardness of the layer.  The international classification for seasonal 
snow cover on the ground (Fierz et al, 2009) was used to establish the snowpack 
stratigraphy by identifying grain type/size and consistency.  Snow was extracted 
from each layer, identified and the grain characteristics were examined under a 
hand lens.  The hardness and snow morphology symbols used for the relevant 
classification of Barrow snowpacks are shown in Figures 2a.8 and 2a.9. 
 
Term Hand Test Graphic Symbol 
Very low Fist  
Low 4 fingers  
Medium 1 finger  
High Pencil  
Very high Knife blade  
Ice   
Figure 2a.8.  Snow hardness scale, penetration test.  Adapted from Fierz et al (2009). 
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 small rounded      
particles 
 
  depth hoar hollow cups 
 rounded mixed forms 
 
 chains of depth hoar 
 solid faceted particles   columnar crystals 
 near surface faceted 
particles 
 
surface hoar crystals 
 
Rounding faceted 
particles 
 basal ice 
 
windpack   melt-freeze crystals 
Figure 2a.9.  Snow morphology symbols.  Adapted from Fierz et al (2009). 
 
The shape and size of a snow crystal are very important to scattering efficiency 
within the snowpack, this will be discussed further in chapter 2b.  The density and 
temperature of the snowpack are parameters needed to model the snow 
photochemistry.  Many photochemical reactions are temperature dependent (Chu 
and Anastasio, 2003; 2005; 2007) due to the energy required to break the bond 
between particles.   
 
The density of the snowpack was measured using a bespoke 284 cm3 snow block 
cutter (Fisher et al, 2005).  Owing to the height of the snow block cutter (Figure 
2a.10), the snow samples were taken every 5 cm through the vertical snow profile.  
A small quantity of snow could be encased in this box of known volume (284 
cm3) then transferred to a clean polythene sample bag for weight measurement.  
The snow + sample bag were weighed on a portable balance then the weight of 
the empty sample bag was deducted to produce a final snow weight.  The two 
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known factors, mass and volume, were used to calculate the density of the snow 
samples.  
 
Figure 2a.10. The 284 cm3 snow cutting tool was used to measure the density of the snow.  
 
The temperature was taken every 5 cm down the vertical face of snowpack using a 
digital thermometer with a 20 cm stainless steel probe.  The temperature was only 
recorded once the reading had stabilized as it has been noted that temperatures 
near the surface of snow can be unreliable due to the thermocouple becoming 
warmed by incoming solar radiation (Cathles and Albert, 2007).  2"&(&'','(,4(
%"&( %&:$&'#%6'&( $',;&( /7( <( =>?@!( #41( %"67( /7( '&A#'1&1( #7( /47/A4/B/3#4%(
3,:$#'&1(%,(,%"&'(7#:$0/4A(&'','7> 
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2a.4  Processed field data: light penetration depth, albedo and 
physical snowpack properties 
 
The following section aims to present the results of the processed field data in the 
following forms: 
• Plots of e-folding depths versus wavelength 
• Plots of reflectivity versus wavelength 
• snowpack density and temperature profiles with depth 
• snowpack stratigraphy 
 
The snowpacks have been grouped depending on the locality of the snowpit.  
Each snowpack is named by the day of year on which the measurements were 
made with January 1st represented by day 0. 
 
2a.4.1  BARC snowpits 
Five snowpits were  dug around the BARC science building, Barrow.  The exact 
locations for each snowpit can be seen in Figure 2a.11.  The snowpacks around 
the BARC building were measured to allow in-snow production rates of OH 
radicals and NO2 to be derived and compared with collaborators’ measured 
production rates around the BARC building area (chapter 2b). 
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Figure 2a.11.  Locations of snowpits around the BARC building. 
 
Day 68 
The results of e-folding measurements, albedo and snowpit profiles for day 68 are 
presented.  The weather conditions for this day were lightly blowing snow at the 
surface and continuous stratus clouds resulting in a diffuse light regime for the 
duration of the experiments.  The air temperature was -16 to -28°C and there was 
a strong/moderate easterly wind.  The surface snow morphology was soft 
windpacked snow with blowing snow precipitation.  The site used for 
measurements on day 68 was an artificial snow drift built by a snow fence near an 
access route to the BARC building.  Figure 2a.13 shows the e-folding depth and 
albedo, Figure 2a.14 shows the snowpack density and temperature profile and 
Figure 2a.15 shows the snowpack stratigraphy. 
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Figure 2a.12. Close-up of fibres inserted into the snowpack, day 68.  The fibres are angled within 
the snowpack. 
 
 
Figure 2a.13.  e-folding depth and albedo vs wavelength for the snowpack measured on day 68, 
near to the BARC building. 
 
!"#$%&'()#*(+#'',-(./&01(2&3"4/56&7(
( 8)(
 
Figure 2a.14. Density and temperature changes with depth.  Density inferred from a similar 
snowpack, day 70. 
 
Figure 2a.15.  Snowpack stratigraphy for day 68.  The large black circles mark the depth of the 
fibre optic probes. 
!"#$%&'()#*(+#'',-(./&01(2&3"4/56&7(
( 89(
Day 69 
The results of e-folding measurements, albedo and snowpit profiles for day 69 are 
presented.  The weather conditions for this day were lightly blowing snow at the 
surface with low haze, however the Sun was clear resulting in a direct light 
regime for the duration of the experiments.  The air temperature was -21°C and 
there was no notable wind.  The surface snow morphology was hard eroding 
windpacked snow with blowing snow precipitation.  Figure 2a.17 shows the e-
folding depth and albedo, Figure 2a.18 shows the snowpack density and 
temperature profile and Figure 2a.19 shows the snowpack stratigraphy. 
 
 
Figure 2a.16.  Close-up of fibres inserted into the snowpack, day 69. 
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Figure 2a.17.  e-folding depth and albedo for day 69. 
 
Figure 2a.18.  Temperature and density with depth for day 69. 
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Figure 2a.19.  Snowpit stratigraphy for day 69.  The large black circles mark the position of the 
fibre optic probes. 
 
Day 70 
The results of e-folding measurements, albedo and snowpit profiles for day 70 are 
presented.  The weather conditions for this day were light level blowing snow 
with a direct light regime for the duration of the experiments.  The air temperature 
was -28°C and there was a strong/moderate easterly wind.  The surface snow 
morphology was soft windpacked snow with blowing snow precipitation.  Figure 
2a.20 shows the e-folding depth and albedo, Figure 2a.21 shows the snowpack 
density and temperature profile and Figure 2a.22 shows the snowpack 
stratigraphy. 
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Figure 2a.20.  e-folding depth and albedo of day 70. 
 
 
Figure 2a.21.  Density and temperature profile of day 70 snowpit. 
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Figure 2a.22.  Snow pack stratigraphy for day 70.  The large black circles mark the position of the 
fibre optic probes. 
 
Day 76 
The results of e-folding measurements, albedo and snowpit profiles for day 76 are 
presented.  The weather conditions for this day were very cloudy creating a 
diffuse light regime for the duration of the e-folding depth experiments but 
conditions changed and the albedo experiments were conducted under direct light 
conditions.  The air temperature was -26°C and there was a light north-easterly 
wind.  The surface snow morphology was small faceted particles.  Figure 2a.24 
shows the e-folding depth and albedo, Figure 2a.25 shows the snowpack density 
and temperature profile and Figure 2a.26 shows the snowpack stratigraphy. 
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Figure 2a.23.  Photograph of snowpit measured on day 76. 
 
 
Figure 2a.24.  e-folding depth and albedo for day 76. 
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Figure 2a.25.  Density and temperature profile with depth for the snowpit on day 76. 
 
Figure 2a.26.  Snowpack stratigraphy for day 76.  The large black circles mark the position of the 
fibre optic probes. 
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Day 78 
The snowpit on day 78 was dug to primarily test the consistency of optical 
measurements along a 4 m section of artificial snowdrift.  Only e-folding depth 
measurements were undertaken and presented here.  The weather conditions for 
this day were low haze covering sun therefore a diffuse light regime for the 
duration of the experiments.  The air temperature was -28°C and there was light 
south-westerly winds.  Figure 2a.28 shows the e-folding depth of all measurement 
snowpit sites on day 78.  Figure 2a.29 shows the position of the probes within the 
snowdrift and solar conditions, sky conditions and time of measurement are 
shown in Table 2a.2. 
 
 
Figure 2a.27.  Close-up of probes inserted into snowbank on day 78. 
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Figure 2a.28.  e-folding depth of snowdrift, day 78. 
 
 
Figure 2a.29.  Position of probes along the snowdrift transect. 
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Pit number Time 
measurements 
were taken (GMT) 
Sky Conditions Zenith angles (°) 
1 19:08:54 Overcast, low haze 
Light wind 
78.85439 
2 19:37:37 Overcast, low haze 
Light wind 
77.11359 
3 21:39:14 Few clouds 
Light wind 
72.26473 
4 22:16:10 Few clouds 
Light wind 
71.76384 
5 23:49:38 Clear skies 
Lighter wind than 
previous 
measurements 
72.71393 
Table 2a.2.  Time measurements were taken, solar zenith angles and sky conditions along the 
transect. 
 
Day 79 
The results of e-folding measurements, albedo, and snowpit profiles for day 79 
are presented.  The snowpit was also sampled for specific surface area, black 
carbon and halogens by our collaborators on the campaign.  The weather 
conditions for this day were clear skies and therefore a direct light regime for the 
duration of the experiments.  The air temperature was -27°C and there was a light 
south-easterly wind.  The surface snow morphology was hard windpacked snow.  
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The albedo for day 79 was measured along the crest of sastrugi.  Figure 2a.31 
shows the e-folding depth and albedo, Figure 2a.32 shows the snowpack density 
and temperature profile and Figure 2a.33 shows the snowpack stratigraphy. 
 
 
Figure 2a.30.  Snowpit measured on day 79. 
 
Figure 2a.31.  e-folding depth and albedo for day 79. 
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Figure 2a.32.  Density and temperature profile with depth for the snowpit of day 79. 
 
Figure 2a.33.  Snowpit stratigraphy for day 79.  The large black circles represent the fibre optic 
probes. 
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2a.4.2  Snowpits undertaken away from BARC 
On days 72 and 85, optical measurements were undertaken at sites away from the 
BARC science base.  Snow on sea-ice measurements were taken on day 72, just 
off point Barrow and measurements were taken 15 km inland on day 85.  The 
locations of the sites in relation to the sites around the BARC building are shown 
in Figure 2a.34. 
 
 
Figure 2a.34.  Overview of snowpit measurement locations. 
 
Day 72 
The snowpit was dug with the purpose of measuring snow on sea-ice, just north of 
point Barrow (71.38469°N, 156.45239°W), to compare to terrestrial snow.  The 
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weather conditions for this day were wispy clouds covering the sun therefore 
inducing a diffuse light regime for the duration of the experiments.  The air 
temperature was -31°C and there was a light north-easterly wind.  The surface 
snow morphology was hard windpacked snow.  Figure 2a.35 shows the e-folding 
depth and albedo, Figure 2a.36 shows the snowpack density and temperature 
profile and Figure 2a.37 shows the snowpack stratigraphy. 
 
 
Figure 2a.35.  e-folding depth and albedo for snowpack, day 72. 
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Figure 2a.36.  Density and temperature profiles with depth for day 72. 
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Figure 2a.37.  Snowpack stratigraphy for day 72, measured by Florent Dominé.  The large black 
circle represent the fibre optic probes. 
 
Day 85 
The snowpit was dug with the purpose of measuring snow 15 km inland from the 
science base (71.20259°N, 156.47471°W).  The weather conditions for this day 
were clear skies inducing a direct light regime for the duration of the experiments.  
The air temperature was -27°C and there was a light north-easterly wind.  The 
surface snow morphology was soft freshly blown snow with hard windpacked 
snow underneath.  Figure 2a.38 shows the e-folding depth and albedo, Figure 
2a.39 shows the snowpack density and temperature profile and Figure 2a.40 
shows the snowpack stratigraphy. 
 
!"#$%&'()#*(+#'',-(./&01(2&3"4/56&7(
( 89(
 
Figure 2a.38.  e-folding depth and albedo for snowpack, day 85. 
 
Figure 2a.39.  Density and temperature profiles with depth the snowpack measured on day 85. 
!"#$%&'()#*(+#'',-(./&01(2&3"4/56&7(
( 89(
 
Figure 2a.40.  Snowpack stratigraphy for day 85, measured by Jean-Charles Gallet.  The large 
black circles represent the position of the fibre optic probes. 
 
2a.4.3 Field Results 
The snowpack stratigraphy shows the similarities between the snowpacks and also 
the differences.  Generally, the stratigraphy consisted of a basal depth hoar with 
intermediate layers of faceted crystal and top layers of windpacks and/or recent 
wind-drift.  The snowpacks were also often topped by a diamond dust layer of a 
millimetric scale (Domine et al, 2012).  At several depths, a few thin melt-freeze 
crusts were sometimes observed.  Depth hoar layers are typical of the snowpack 
of Alaska’s Arctic Coastal Plain (Sturm and Liston, 2003) and are formed through 
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snowpack metamorphism due to the presence of a strong temperature gradient 
(Sturm and Listron, 2003). 
 
The snow on sea-ice was similar to that on land but a greater variability of depth 
and stratigraphy could be seen with a greater frequency of occurrence of melt-
freeze crusts.  Supercooled droplets generated by nearby open leads may have 
frozen on the snow surface creating the frequent melt-freeze crusts. 
 
The nadir reflectivity in the visible spectrum is similar for inland snow, snow on 
sea-ice and soft snowpack with a peak reflectance occurring at a wavelength of 
600 nm.  Clean snowpack measurements taken in central Antarctica by France et 
al (2011a) suggest a peak reflectance in the region of 470-520 nm, a shorter 
wavelength than that seen in Barrow.  Warren et al (2006) has previously noted 
the shift in maximum albedo attributing it to the presence of dust or organic 
matter, therefore absorbing impurities within the snowpack cause the differences 
in reflectivity between Barrow snowpack and Antarctic snowpacks (France et al, 
2011b). 
 
The e-folding depths of the hard and soft snowpack measured around the BARC 
building and snow on sea-ice measured 1-2 km offshore away from the settlement 
are essentially the same.  The inland snowpack shows the largest e-folding depth 
of ~15 cm at a wavelength of 400nm and soft snowpack shows the smallest e-
folding depth of ~10 cm at 400 nm. 
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2a.5  Discussion 
2a.5.1 Critique of technique 
The main problem in the technique of measuring e-folding depth is placing the 
fibres horizontally into the snow due to the curvature of the metal section of the 
probe and minor variation in snow stratigraphy (Figure 2a.41).  Fisher et al. 
(2005) calculated that imperfectly placing the probe by ±1 cm leads to an error of 
9-14% in the calculated e-folding depth.  However, as all probe measurements are 
taken simultaneously in the method used here, any error in probe placement was 
minimised by excavating the pit wall after measurements and recording the 
position of the cosine corrector.   
 
 
Figure 2a.41.  Excavated pit showing placement of probes in snowpack.  This is an extreme 
example.  
 
The snow reflectivity measurements were averaged to remove any extreme 
values.  The main problem with the bi-conical reflectance method is the small 
field of view produced using 3º lenses.  The small field of view (3°) may cause 
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small surface features to be exaggerated or enhanced creating false reflectivity 
values (Grenfell et al., 1994).  To improve data the spectrometers should be 
elevated higher above the ground, this will enlarge the field of view and reduce 
the resolution.  Changing weather and solar conditions may also influence 
reflectivity measurements; to reduce the impact, measurements were made under 
similar conditions as much as possible and bad data discarded when possible. 
 
2a.5.2 Errors/uncertainties 
The variability of reflectance and e-folding measurements are considered first.   
France et al (2011b) determined an uncertainty in e-folding depth for horizontally 
placed fibre optic probes. However, the study presented here uses fibre optics to 
record irradiance concurrently at 6 depths rather than at 4 depths consecutively 
(France et al, 2011b) therefore it is expected that the error of 1! (~20%) can be 
considered a maximum.  An example value for the maximum uncertainty in the  
e-folding depth measurements of day 69 at 400 nm was ±1.98 cm.  The 
uncertainty of the fiber placement far exceeds the uncertainty in 
spectroradiometry and therefore dominates the uncertainty in the e-folding depth 
measurement technique. (France, 2011a).  The angle of the fibre optic probe 
within the snowpack did not affect the e-folding depth measurement (France et 
al., 2010). 
 
Natural variation of the snowpack surface and measurement error in the set up of 
the equipment owing to topography are the most likely uncertainties in the 
reflectance data.  To combat the likelihood of topographical error, the reflectance 
equipment should be elevated to extend the field of view per measurement and 
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reduce the effect of the natural variance of snow and sampling bias by small 
features.  A 2° slope can give up to a 10% change in albedo, depending upon 
illumination angle (Grenfell et al, 1994).  Repeat reflectance measurements have 
previously shown the variability to be ~10% using the single spectral radiometer 
method (Fisher et al, 2005) and a typical 2! uncertainty using the dual beam 
system is ±5% of the mean average albedo (Anderson et al., 2006; Rollin et al., 
1998).  An example for the uncertainty of the albedo value on day 69 at 400 nm is 
±0.045.  Different operating temperatures of the two spectrometers may cause the 
uncertainty.  Matzl and Schneebeli (2006) used near infra-red photography to 
show, in terms of snow specific area, how laterally and vertically variable 
homogeneous snowpacks can be. 
 
The methods for measuring snow stratgraphy, density and temperature have been 
used previously, e.g. Beine et al (2006), Fisher et al (2005) and no problems have 
been detected.  Stratigraphic analysis can be subjective due to quantitative 
analysis.  The detail of the stratigraphy provides sufficient information for 
snowpack analysis but could be improved with more advanced equipment.   
 
The variation in the optical measurements can be rationalized due to locality with 
a large influence from marine sources shown in sites with close proximity to the 
coast. 
 
To improve e-folding depth and reflectance measurements, a system should be 
constructed to allow measurements to be taken throughout the day therefore 
reducing solar condition influence.  An attempt was made on day 78 to measure 
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successive sections of snowpack and determine the reproducibility of e-folding 
depth measurements.  The measurements were undertaken along an artificial 
snowbank next to the access road from the base headquarters to the science 
building, a location where contamination of the snowpack may vary greatly 
within a short distance.  The depth at which the fibre optic probes were placed in 
the snow ranged between 2–40 cm.  The measurements were conducted over a 4 
hour period, during which the sky conditions changed drastically from cloudy 
with low haze to clear skies.  Considering all the aforementioned factors, the 
measurements taken on day 78 were not representative of the ability to reproduce 
e-folding results and thus have not been considered further. 
!"#$%&'()#*(+#'',-(./&01(2&3"4/56&7(
( 89(
2a.5.3 Comparison with previous work 
For this work, the shortest wavelength that e-folding depths are reported at is 350 
nm and the e-folding depths for the four representative Barrow snowpack types 
(hard snowpack, soft snowpack, inland snowpack and snow on sea-ice) range 
between 7-12 cm.  Rowland and Grannas (2011) previously measured broadband 
e-folding depths in Barrow snowpack of 8 cm in spring and 26 cm in summer, 
using a solid-state chemical actinometry method.  Only 3 depth measurements of 
in-snow actinometry were used to calculate the e-folding depths, the wavelength 
peak of the action spectrum was ~340 nm (Rowland and Grannas, 2011).  The 
measurements of Rowland and Grannas (2011) are consist with the wavelength 
resolved measured e-folding depths presented in this study. 
 
Previous work using fibre optic probes to measure e-folding depth by France et al 
(2011b) determined an uncertainty in e-folding depth of ± 20%.  However, France 
et al (2011b) recorded irradiance at 4 depths consecutively so it is expected that 
the error can be considered a conservative maximum as the study presented here 
recorded irradiance at 6 depths concurrently.  The three snowpacks within the 
vicinity of Barrow (snow on sea-ice, hard and soft) can be described as optically 
the same within uncertainty, but the inland snowpacks has a 50% longer e-folding 
depth at a wavelength of 400 nm.   
 
To facilitate comparisons with previous work, the measured e-folding depths can 
be converted to liquid equivalent e-folding depths using E2a.5 (Lee-Taylor and 
Madronich, 2002; Warren, 1982). 
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!liq =
"snow
"water
!     (E2a.5) 
where ! is the density, " is the measured e-folding depth and "liq is the equivalent e-folding depth. 
 
Grenfell and Maykut (1977) reported liquid equivalent e-folding depths for Arctic 
snow on sea-ice of 2-3 cm and King and Simpson (2001) and Fisher et al (2005) 
reported liquid equivalent e-folding depths for Northern hemisphere snows of 
between ~1.5-~16 cm.  For the snowpacks in Barrow, the liquid equivalent e-
folding depths are in the range of 3.8-4.5 cm at a wavelength of 400 nm with the 
snowpacks studied on sea-ice and around the BARC building showing 
comparable values to springtime measurements made at Ny-Ålesund (France et 
al, 2011b; Gerland et al, 1999).  It should be noted that e-folding depths will 
depend upon metamorphic history and season (France et al, 2010).  
 
The nadir reflectivity was relatively consistent between snowpacks at Barrow, 
between 0.82 and 0.85 at 400 nm and between 0.84 and 0.91 at 500 nm.  The 
reflectivity measurements typically have an uncertainty of two standard deviations 
and the variation at each site is likely to be caused by localized impurities or 
changes in surface topography.  Previous work by Grenfell et al (1994) 
investigating albedo uncertainty suggests that a 2º slope, depending upon the 
illumination angle, can lead to a 10% change in albedo.  Previous analysis of 
reflectance of dry snow at Barrow by Grenfell and Maykut (1977) recorded a 
value of 0.92 at a wavelength of 400 nm and France et al (2011b) recorded a 
reflectance value of 0.98 at a wavelength of 400 nm for clean Antarctic snow.  It 
is thought that the low reflectivity of the Barrow snowpacks studied here is 
attributable to highly absorbing black carbon and humic material within and on 
!"#$%&'()#*(+#'',-(./&01(2&3"4/56&7(
( 89(
the snowpack and a detailed investigation of the effect of impurities on barrow 
snowpack can be found in chapter 2c. 
 
2a.6  Conclusions 
The use of optical properties and physical properties (snowpack stratigraphy) to 
classify snow have been shown to be valid methods.  However, as seen by the 
four representative snowpacks of Barrow, even optically similar snowpacks can 
be stratigraphically different and therefore the physical and optical properties 
must be derived for each snowpack investigated rather than relying upon using 
‘typical’ snowpacks from similar latitudes and localities. 
 
The optical properties of the snowpack are important parameters needed to 
calculated in-snow photochemical production rates using a radiative-transfer 
model and a detailed description of their use can be found in chapter 2b. 
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Chapter 2b 
 
Photolytic Production Rates of Snowpack in Barrow, 
Alaska:  OASIS Spring Campaign 2009 
 
Results from this chapter have been published in “Hydroxyl radical and NOx production rates, 
black carbon concentrations and light-absorbing impurities from field measurements of light 
penetration and nadir reflectivity of on-shore and off-shore coastal Alaskan snow”, J.L. France, 
H.J.Reay, M.D. King, D. Voisin, H.W. Jacobi, F. Domine, H. Beine, C. Anastasio, A. MacArthur 
and J. Lee-Taylor (2012), Journal of Geophysical Research, 117(D00R12), 
doi:10.1029/2011JD016639 (see Appendix 1) 
 
2b.1 Introduction  
Recent evidence has shown that sunlit snowpack and ice play an important role in 
generating photochemical species and the subsequent release of these species may 
significantly impact the chemistry of the overlying atmosphere (e.g. Grannas et 
al., 2007).  Snowpack acts as an effective efficient medium for chemical 
photolysis of ice species that can be subsequently released into the atmosphere 
(Domine and Shepson, 2002; Grannas et al., 2007).  Several studies have 
observed the fluxes of gaseous NO, NO2 and HONO from snow cover (Beine et 
al., 2001; 2002; 2003; 2008; Dibb et al, 2004; Grannas et al., 2007; Honrath et 
al., 1999; 2000a; 2002; Jones et al., 2000; 2001; Wang et al., 2008).  The 
contribution of snow photochemistry to the atmosphere is controlled in part by the 
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optical properties of the snowpack i.e. snow albedo and light penetration depths in 
snow.  Laboratory studies have demonstrated that the source of gaseous NOx (NO 
+ NO2) is from the photolysis of nitrate and nitrite within the snow/ice (Anastasio 
and Chu, 2009; Boxe and Saiz-Lopez, 2008; Chu and Anastasio, 2003; Cotter et 
al., 2003; Couch et al., 2000; Dubowski  et al., 2001; 2002; Honrath et al., 2000b) 
and emissions can significantly impact the overlying boundary layer atmospheric 
chemistry (Dibb and Arsenault, 2002; Domine and Shepson, 2002; Grannas et al., 
2002; Houdier et al., 2002; Impey et al., 1999).  Photochemical reactions can 
dilute the amount of precursor material in the snow and ice thus causing false 
signal/proxies in ice cores leading to wrongly interpreted past environmental 
conditions.  
 
Photolysis of nitrate, NO
3
! , in the snowpack produces a molecular flux of NO2 
from the snowpack to the atmosphere (R2b.1) (Anastasio and Chu, 2009; Beine et 
al, 2006; Chu and Anastasio, 2007; Fisher et al., 2005; France et al., 2007; 2010; 
King and Simpson, 2001; Simpson et al., 2002).  Hydroxyl radicals, OH, are also 
produced in the snowpack by photolysis of the nitrate anion (R2b.1) (Anastasio et 
al., 2007), hydrogen peroxide (R2b.2) and nitrite (R2b.3) (all naturally found in 
snowpacks). 
 
NO
3
!
+ hv" NO
2
+O
!
O
!
+ H
2
O" OH +OH
!
    (R2b.1) 
H
2
O
2
+ hv! 2OH      (R2b.2) 
NO
2
!
+ hv" NO +O
!
O
!
+ H
2
O" OH +OH
!
    (R2b.3) 
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Hydroxyl radicals are extremely reactive and will react with snowpack chemical 
impurities releasing gaseous products from the snowpack into the interstitial air of 
the snow and to the atmosphere (Couch et al., 2000; Dassau et al., 2002, Grannas 
et al., 2004; 2007; Hutterli et al., 2003; 2004; Jacobi et al., 2004b; Shepson et al., 
1996; Wang et al., 2008).  Production of hydroxyl radicals may be responsible for 
halogen activation and fluxes of organic chemicals from the snow (e.g. Abbatt et 
al., 2010; Chu and Anastasio, 2005; Domine and Shepson, 2002; Oum et al., 
1998; Peterson and Honrath, 2001).  It has been demonstrated through chemical 
modelling studies that 93-99% of hydroxyl radical production is due to hydrogen 
peroxide photolysis (Anastasio et al., 2007; France et al., 2007).  Field 
measurements for photoformation rate of OH radicals in snow at Summit, 
Greenland agree with the modelling predictions (Bock and Jacobi, 2010; Thomas 
et al., 2011).    Larger e-folding depths (e.g. Fisher et al., 2005; France et al., 
2010) and less snowpack absorption (i.e. less black carbon or other light 
absorbing snow impurities such as dust or HULIS) (e.g. Reay et al., 2012) are 
associated with larger molecular fluxes of nitrogen dioxide from the snowpack or 
larger yields of hydroxyl radicals in the snowpack.  Chemical box modelling 
(Bock and Jacobi, 2010; Thomas et al., 2011) has recently demonstrated that the 
concentration of OH radicals in the quasi-liquid layer surrounding snow grains 
may be a rate-controlling factor in the release of Br2 into the interstitial air (Abbatt 
et al., 2010) thus OH radicals are important in snowpack chemistry.  Similar 
reactions occur in sea-salt particles demonstrating that sea-ice is a source of 
gaseous bromine through the reaction of sea-ice with ozone (e.g. George and 
Anastasio, 2007, Oum et al. 1998) .   
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Photolytic production rates of OH radicals and NO2 within snowpack have been 
previously calculated for several terrestrial snowpack environments including 
Arctic, Antarctica and mid-latitude snowpacks (e.g. Anastasio et al., 2007; Beine 
et al., 2006; Chu and Anastasio, 2007; Fisher et al., 2005; France et al., 2007; 
2010; 2012; King and Simpson, 2001; Simpson et al., 2002).  The Alaskan site of 
Barrow allows the opportunity to measure the optical properties of coastal snow 
both on land and on sea-ice for snow that is much more characteristic of Arctic 
snow.  Measurements of e-folding depth, nadir reflectance and snow stratigraphy 
taken at Barrow, Alaska are used to determine the light absorption and scattering 
cross-sections of the snowpack from snow-atmosphere coupled radiative-transfer 
calculations (Chapter 2a).  The scattering and absorption cross-sections are used 
to calculate “actinic flux” (spherical or point irradiance) in the snowpack as a 
function of depth, solar zenith angle and atmospheric conditions, thus allowing 
the photolysis rate coefficients of reactions (2b.1-2b.3) to be calculated.  The 
absorption cross-section of ice is well studied (Warren and Brandt, 2008) 
allowing the absorption spectrum of light-absorption impurities to be determined.  
In an attempt to identify and quantify the amount of absorbers within the 
snowpack, the variation of absorption cross-section due to impurities in the 
snowpacks with wavelength is compared to absorption cross-section of known 
absorbing species. 
 
2b.2 Aims 
The measurements of snowpack optical properties made at Barrow, Alaska were 
part of the larger OASIS international field campaign. 
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The aims of the work presented in this chapter are to: 
1. Calculate wavelength-dependent cross-sections for light absorption due to 
impurities and for scattering for snowpack from measurements of e-
folding depth and snowpack surface reflectivity (discussed in chapter 2a). 
2. Calculate in-snow production rates of NO, NO2 and OH radicals for the 
duration of the OASIS campaign as an estimation of the potential flux of 
NO2 or NO from the snowpack. 
3. Determine the identity and amount of light-absorbing impurities in the 
Alaskan snowpack from the absorption cross-sections determined from 
field measurements of the snowpack throughout the campaign. 
 
2b.3 Methods 
Snowpacks located within 1-15 km of the BARC (71.32063°N, 156.6748°W) 
were investigated as part of the OASIS campaign during Spring 2009.  The field 
season of 4th March 2009 to 1st April 2009 was designed to match the field 
seasons of our collaborators.  The principal aim of the fieldwork was to measure 
the optical and physical properties of the snowpack at Barrow, Alaska.   
 
Several snowpacks were optically studied in detail at locations around the OASIS 
field site (data in appendix - Barrow) and 4 snowpacks that represented different 
snowpack types were chosen for detailed analysis.  The decision about where to 
conduct the field experiments was based on 4 main factors: how undisturbed the 
snow was, how representative of general snow conditions the snowpacks were, 
the depth of the snowpack and the proximity to other collaborators.  At each site, 
a snowpit (~1 m width by ~1 m length) was dug to the depth of the ground or the 
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sea-ice surface.  The snow was not contaminated by anthropogenic or animal 
influence.  Measurements of light penetration depth (e-folding depth), surface 
nadir reflectance and snowpack stratigraphy were undertaken at every site, the 
methods and results are described in chapter 2a. 
 
In this chapter, four representative snowpacks from Barrow, Alaska are studied in 
greater detail – soft snowpack, hard snowpack, inland snowpack and snow on sea-
ice, these four snowpacks represent the snows found around Barrow in Spring.  
Measurements of e-folding depth, nadir surface reflectance and snowpack 
stratigraphy from chapter 2a were used to calculate scattering and absorption 
cross-sections of the four snowpacks and photochemical production rates, the 
methods are described here: 
 
2b.3.1 Determining Scattering and Absorption Coefficients 
Using the method of Lee-Taylor and Madronich (2002), wavelength-dependent 
cross-sections of light scattering, !
scatt
(") , and absorption due to impurities, 
!
abs
+
(") , were determined for the four Barrow snowpacks from measurements of 
e-folding depth and surface reflectance.   
 
The Tropospheric Ultraviolet Visible (TUV)-snow model (Lee-Taylor and 
Madronich, 2002) is a one-dimensional, 8-stream, discrete-ordinates (Stamnes et 
al., 1988) radiative-transfer model that calculates the transfer of solar radiation 
through atmospheric and snow layers.  The model couples atmosphere and 
snowpack.  The snow layers are defined with similar optical properties to that of 
cloud, i.e. weakly or non-absorbing and highly scattering, and were added at the 
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base of the atmospheric model (Lee-Taylor and Madronich, 2002).   Using the 
TUV-snow model, Lee-Taylor and Madronich (2002) demonstrate that knowledge 
of snow grain size or shape are not needed to derive the optical coefficients that 
characterize a snowpack, only knowledge of bulk optical properties (surface 
albedo, e-folding depth and snow density) are needed, making the process 
simpler.  The optical coefficients are characterised in the radiative-transfer model 
by three quantities (Lee-Taylor and Madronich, 2002): 
1. The scattering co-efficient, r
scatt
, is estimated from the bulk optical 
properties and it is assumed to be independent of wavelength because the 
wavelengths of radiation are at least 2 orders of magnitude smaller than 
the irregularities in snow crystal structure (Domine et al., 2001). 
2. The absorption co-efficient, !(!), defined as the sum of the absorption by 
pure ice, !ice, and the absorption of impurities in the snowpack, !
+ 
(E2b.1). 
 
µ(!) = µ
ice
(!) + µ
+
(!)    (E2b.1) 
  
Values for pure ice absorption used in this work are from Warren and 
Brandt (2008).  The value of µ(!) , µ
ice
(!)  and µ+ (!)  are variable with 
wavelength. 
3. The scattering phase function, g, is defined as the angular redistribution of 
radiation by each scattering event (Lee-Taylor and Madronich, 2002).  A 
value of 0.89 for g is used in this based on a Mie calculation of 100 micron 
particles (Wiscombe and Warren, 1980).  Grenfell and Warren (1999) state 
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that the value of g is reasonably insensitive to crystal size and structure at 
UV-visible wavelengths. 
 
The radiative-transfer calculations of reflectance and e-folding depths were 
interpolated to find values of !
scatt
 (E2b.2) and !
abs
+ (E2b.3) that satisfied the 
measured values of albedo and liquid equivalent e-folding depth for each 
wavelength. 
!
scatt
=
r
scatt
"
    (E2b.2) 
!
abs
+
=
µ+
"
    (E2b.3) 
 
The dependencies of measured values of surface reflectance and liquid equivalent 
e-folding depth on !
scatt
and !
abs
+ were plotted an example of this is shown in 
Figure 2b.1.  The intersection points of each wavelength curve represent the best 
!
scatt
and !
abs
+ for each snowpack. 
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Figure 2b.1.  !
scatt
and !
abs
+
derivation plot for inland snowpack (day 85).  The point of 
intersection between lines of equal wavelength for albedo and e-folding depth (lines are the same 
colour) represents the values of absorption and scattering that best reproduce the measured field 
values of albedo and e-folding depth. 
 
Figure 2b.1 gives a unique solution of !
scatt
 and !
abs
+  for individual wavelengths, 
albedo and e-folding depth are required to derive !
scatt
 and !
abs
+ .  The lines 
represent values of !
scatt
 and !
abs
+ that match albedo and e-folding depth therefore 
the intersection between the lines is the unique solution, and the reason why both 
albedo and e-folding depth have been measured. 
 
For all the snowpits studied in Barrow, values of !
scatt
 and !
abs
+  were derived 
using e-folding depths, surface reflectance, density and crossing-plots, as in 
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Figure 2b.1.  The measured values used for the derivations of !
scatt
 and !
abs
+ are 
shown in Table 2b.1. 
 
Location Site / 
DOY 
Snow 
Type Latitude Longitude 
Snow 
Density 
/ g cm-3 
Column 
Ozone / 
Dobson 
Units 
Representative 
snowpack 
68 Soft 71.31987°N 156.67634°W 0.39 424 N 
76 Soft 71.31903°N 156.67246°W 0.27 451 N 
69 Hard 71.31896°N 156.67243°W 0.38 428 Y 
70 Hard 71.31871°N 156.67175°W 0.39 444 N 
79 Hard 71.31882°N 156.67113°W 0.39 450 Y 
72 Snow on 
sea-ice 
71.38469°N 156.45239°W 0.40 442 Y 
85 Inland 71.20259°N 156.47471°W 0.29 459 Y 
Table 2b.1.  Locality, density and ozone conditions required for deriving absorption and scattering 
coefficients for each snowpit. 
 
2b.3.2 Modelling Snowpack Absorption by Impurities 
The absorption spectrum of the impurities in the snow is a summation of all the 
absorbers in the snowpack, it is derived by plotting the cross-section of 
absorption, !
abs
+
(") , owing to impurities in the snowpack versus wavelength for 
each snowpack.  No previous study has calculated !
abs
+  in-situ snow before and 
most of the other studies found that an absorber was needed to make albedo 
values comparable to the measured snowpack.  It is likely that absorbers at visible 
wavelengths are black carbon, brown carbon (including HULIS) and dust 
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(Anastasio and Robles, 2007; Doherty et al., 2010; France et al., 2011a; Grenfell 
et al., 2011; Warren, 1984; Warren and Clarke, 1990; Warren et al., 2006).  
Previous work by Lee-Taylor and Madronich (2002) assumed that all absorption 
by impurities was due to black carbon, a sensible assumption as black carbon is 
the strongest absorbing impurity.  The range of wavelengths studied here (350-
600 nm) allows the light-absorbing impurities to be identified by their different 
absorption spectra. 
 
2b.3.3  Calculating Photolytic Rate Coefficients and Fluxes with Clear and 
Diffuse Skies 
To calculate the photolytic rate coefficients for reactions 2b.1–3, the spherical or 
point irradiance (“actinic flux”) in the snowpack is needed.  The spherical 
irradiance is calculated using the TUV-snow model (Lee-Taylor and Madronich, 
2002) at 1 nm intervals between 290-700 nm at 106 calculation depths in the 1 m 
model snowpack using the wavelength dependent snowpack optical properties, 
!
scatt
(") and !
abs
+
(") , determined from field measurements (section 2b.10.1).  
Over 95% of sunlight is attenuated by 3 e-folding depths (France et al., 2011b) 
thus any snowpacks thicker than 3-4 e-folding depths can be considered semi-
infinite i.e. such a small amount of sunlight reaches past 3-4 e-folding depths that 
the reflectivity of the surface below the snow is irrelevant and the e-fold is 
asymptotic.  All the snowpacks studied in Barrow, Alaska were optically semi-
infinite therefore the actual recorded depth of the snowpack in the field can be 
considered without affecting the result when modelling photolysis rate constants 
and spherical irradiance in the snowpack.  However, for comparison, all the 
snowpacks in this work are considered to be 1 m deep with conditions as shown in 
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Table 2b.1.  Using a depth of 1 m is convenient for calculations and allows 
comparison between snowpacks but as long as the snowpack is semi-infinite the 
value of depth used is not important. 
 
Photochemical rate coefficients, J, for the photolytic reactions 2b.1-3 were 
calculated using equation 2b.4 for solar zenith angles between 0 and 90° for both 
clear and diffuse sky conditions. 
 
J(!, z) = " (#,T )$
#y
#x
% (#,T )I(#,!, z)d#   (E2b.4) 
where ! is the absorption cross-section of the chromophore (NO
2
-
, NO
3
-
or H2O2), " is the 
quantum yield for photolysis, I is the spherical irradiance, T is the snowpack temperature, # is the 
wavelength, $ is the solar zenith angle, and z is depth in the snowpack. 
 
The absorption cross-sections and temperature dependent quantum yields for the 
reactants in reactions 2b.1 and 2b.2 are from Chu and Anastasio (2003), Chu and 
Anastasio (2005) and Chu and Anastasio (2007).  The choice of values will be 
jutified in the discussion section.  For the calculation of photochemical rate 
coefficients, the average overhead column ozone, for the duration of the 
campaign, of 460 Dobson Units is used (McPeters et al., 1998).  Overhead ozone 
generates heat in the stratosphere by absorbing both solar radiation and upwelling 
radiation from the troposphere, thus increased ozone in the stratosphere results in 
higher temperatures (Allen, 2004).  Photolysis rate coefficients were calculated 
for both diffuse sky (totally overcast) and clear sky (no cloud or aerosol) 
conditions.  To obtain diffuse sky conditions, a layer of 100 m thick cumulous 
cloud with an optical depth of 16, an asymmetry factor of 0.85 and a single 
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scattering albedo of 0.9999 was placed 1 km above the ground in the model.  
Photolysis rate coefficients were calculated for both clear and diffuse sky 
conditions as the temporal and spatial variation in illumination intensity needed to 
be taken into account.  A source of the variation is the discrimination between 
direct and diffuse sunlight (Spitters, 1986).  For the purposes of the campaign, 
diffuse sky conditions were used for days when the sun was occluded.  However, 
true diffuse sky conditions would be fog.  Fog reflects less and absorbs more than 
cloud of the same density and thickness.  To reflect 80 % of solar radiation a 
moderate cloud with a density of 1.0 gm m-3 would need a thickness of at least 
150 m, whilst a dense cloud (fog) of 5 gm m-3 would need a thickness of at least 
~50 m (Hewson, 1943).  
 
Depth-integrated production rates, or maximum fluxes (assuming that all 
photoproduced NO2 or NO is liberated from the snowpack), F, were calculated 
using equation 2b.5. 
F = [x]J dz!    (E2b.5) 
but if [x] is independent of z then, 
 F = [x] J(z)dz
z=0m
z=1m
!      
where z is the depth into the snowpack and [x] is the concentration of the 
chromophore (H2O2, NO3
- or NO
2
- ).   E2b.5 is independent of concentration but 
the equation could be written as F J[x]dz
z=0
z=1
! , if the depth profile was thought to 
be important. 
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The variation of chromophore, e.g. NO
3
–
,  NO
2
–
 or H
2
O
2
, concentration with depth 
has been shown by France et al. (2007) to be much less important relative to the 
depth-dependence of the spherical irradiance, as [x] varies by ~10 with depth but 
the spherical irradiance varies of many orders of magnitude, and therefore 
equation 2b.5 assumes a depth-independent concentration of chromophore.  A 
constant nitrate concentration in the snowpack of 3.9 !mol l(water)
-1 was used, this 
was an average concentration of more than 100 samples including all encountered 
snow types presented here (Jacobi et al., 2012).  Measurements of H2O2 
concentration in snowpack were made at ~500 locations in the Barrow area during 
the campaign, concentrations were found to be fairly invariant with depth (Beine 
et al., 2012).  The calculated depth-integrated production rate of OH radicals used 
an average concentration of H2O2 measured in the top 10 cm of the snowpack, 
taken from Beine et al. (2012), of 0.4 !mol l(water)
-1.  Concentrations of NO
2
- were 
measured by Villena et al. (2012) at a single site near the BARC building (Figure 
2b.11) over a period of 36h in surface snow and at a depth of 5 cm.  The average 
measurement of NO
2
-  in these samples was 0.02 !mol l(water)
-1 and this single-site 
average nitrite concentration is used for all the snowpack calculations presented 
here. 
 
2b.3.4  Calculating Photolytic Rate Coefficients and Fluxes From the 
Snowpack for Sky Conditions During the OASIS Campaign 
To calculate the depth-integrated production rates (or fluxes) for the duration of 
the campaign an identification of sky conditions as “clear sky” or “diffuse” (i.e. 
thick cloud cover, an occluded solar beam) was required as the amount of cloud 
can affect the distribution and intensity of sunlight.  The depth-integrated 
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production rates for UV downwelling irradiances were calculated as a function of 
solar zenith angle for clear sky and diffuse conditions then scaled by the measured 
downwelling UV atmospheric irradiance at the surface. The maximum in the 
action spectrums of NO
3
–
, NO
2
–
 and H
2
O
2
occur at 300 nm, 350 nm and 240 nm 
respectively thus UV irradiances were measured over the wavelengths of 295-385 
nm as it is the wavelength region in which most photochemical reactions occur.  It 
is assumed that F(NO2) can be scaled by the ratio of the calculated downwelling 
irradiance and measured downwelling irradiance.  However, the relationships will 
be different for clear sky and diffuse sky conditions.  Sky conditions throughout 
the campaign were monitored by two continuous measurements:  broadband, 
downwelling irradiance for wavelengths of 295-385 nm using a TUVR 
(Tropospheric Ultraviolet and Visible Radiation) Eppley flat-plate radiometer 
sited 0.5 m above the snowpack approximately 800 m south of the BARC 
building, and hemispheric sky images (and retrievals of fractional sky cover for 
periods when the solar elevation was greater than 10 degrees) using a total sky 
imager (Yankee Environmental Systems).  The total sky imager was based within 
a few kilometers of the measurement site and the Eppley TUVR at Atmospheric 
Radiation Measurement (ARM) site at the North Slope, Alaska (71° 19; 23.73” N, 
156° 36’ 56.70” W) (Long and DeLuisi, 1998; Long et al., 2001). The ARM site 
is one of three premier solar irradiance sites and is known for high quality science, 
thus the data was used as supplied.  Every minute of the measurement campaign, 
Julian Day 60-90, was assigned a sky condition (diffuse and direct) depending 
upon whether the sun’s direct beam was occluded by cloud using the total sky 
imager (algorithm described in Long and DeLuisi, 1998; Long et al., 2001).  The 
radiative transfer calculations described in section 2b.10.3 were repeated to 
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calculate the ‘flat-plate’ broadband downwelling irradiance measured by the 
TUVR Eppley radiometer from 295 nm to 385 nm for the diffuse and clear sky 
conditions as a function of solar zenith angle under exactly the same conditions as 
the photolysis rate constants were calculated.  The calculated photochemical 
fluxes of NO2 and OH radicals were then used for equations 2b.6, 2b.7 or 2b.8 
respectively to produce photochemical production rates of OH radicals, NO2 and 
NO at a 1 min resolution for the whole period of the Barrow campaign. 
   F(OH)production =
ITUVR measured
ITUVR modelled
F(OH)modelled   (E2b.6) 
 
  F(NO2 )production =
ITUVR measured
ITUVR modelled
F(NO2 )modelled   (E2b.7) 
   F(NO)production =
ITUVR measured
ITUVR modelled
F(NO)modelled   (E2b.8) 
where ITUVR measured is the downwelling broadband irradiance for 295-285 nm measured by the 
Eppley TUVR and ITUVR modelled is the calculated downwelling broadband irradiance for 295-385 
nm as a function of solar zenith angle and sky and snow conditions.  The quantity F(OH) is the 
depth-integrated production rate of hydroxyl radicals and F(OH)modelled is the depth-integrated 
production rate of hydroxyl radicals calculated by the radiative-transfer modelling described in 
section 10.2.3.  Note, the values of F(OH)modelled and ITUVR modelled correspond to the same solar 
zenith angle and sky conditions.   
 
The relationships described in E2b.6-E2b.8 assume a linear dependence between 
F and I, and the theory will be tested later in the chapter. 
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2b.4  The Radiative-Transfer Model 
TUV-snow (Tropospheric Ultraviolet and Visible-snow) model (Lee-Taylor and 
Madronich, 2002) was used to perform radiative-transfer calculations.  TUV-snow 
is a discrete-ordinates (Stamnes et al., 1988) coupled atmosphere-snow model 
running 8 streams with a pseudo-spherical correction.  The model configuration 
for this study used 106 snowpack levels (with 1 mm spacing in the top 0.5 cm and 
1 cm spacing for the rest of the 1 m snowpack) and 80 atmospheric levels spaced 
at 1 km intervals, clear skies, no atmospheric aerosol, and Earth-Sun distance 
based upon the day of measurements and an average overhead ozone column for 
the duration of the campaign (McPeters et al., 1998).  As stated in section 2b.3.1, 
the snow asymmetry factor, g, was set to 0.89 (Wiscombe and Warren, 1980).  
Tests were conducted to assess the impact of varying the asymmetry factor and 
are discussed later in the chapter.  The recommended absorption cross-section for 
ice from Warren and Brandt (2008) was used and linearly interpolated from 200 
nm to 400 nm where the complex index of refraction is too small to be reliably 
measured at present (Figure 2b.2). 
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Figure 2b.2.  Absorption coefficient of ice and the absorption cross-section of a spherical black 
carbon particle.  The latter is calculated from Mie theory (density = 1 g cm-3, complex index of 
refraction = 1.9-0.5i, media index of refraction = 1.0, particle size radius = 0.1 !m).  See Warren 
and Brandt (2008, Figure 1), Warren and Wiscombe (1985, Figure 1) and Warren and Wiscomve 
(1980a; 1980b) for further details.  Note, the absorption coefficient of ice is logged. 
 
Table 2b.2 contains the data used as inputs for modelling the photolysis rate 
coefficients for the four representative Barrow snowpacks. 
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Location Snowpack Snow 
Temperature 
/ °C 
Snow 
Density 
/ g cm-3 
Latitude Longitude 
Elevation 
/ m 
Average 
Column 
Ozonea 
/Dobson 
Units 
Hard -15 0.39 71.31896°N 156.67254°W ~5 460 
Soft -18 0.38 71.31987°N 156.67634°W ~5 460 
Snow on 
sea-ice 
-24 0.40 71.38469°N 156.45239°W 0 460 
Inland -28 0.30 71.20259°N 156.47471°W ~2 460 
Table 2b.2. Data used as inputs for the modelling of photolysis rate coefficients using TUV-snow 
for the four representative Barrow snowpacks. a Ozone conditions determined from the NASA 
TOMS program as an average of the campaign duration to 2 significant figures (McPeters et al., 
1998). 
 
2b.5  Results 
The results focus on 4 key areas: snowpack optical coefficients determined from 
the field measurements, absorption by impurities, photolytic rate constants and the 
calculated depth-integrated production rates of NO2, NO and OH radicals within 
the snowpack.  Data from the four representative snowpacks are presented: hard 
and soft snows (prevalent around Barrow and the BARC building), snow on sea-
ice and inland snow (~15 km inland from Barrow). 
 
2b.5.1  Optical Coefficients of Barrow Snowpack 
Figures 2b.3 and 2b.4 show the wavelength-dependent scattering, !
scatt
, and 
absorption, !
abs
+
(")  coefficients for the four representative Barrow snowpacks. 
!"#$%&'()*+(,#''-.(/"-%-0"&123%'4(
( ( (56(
 
Figure 2b.3.  Wavelength dependence of the scattering coefficient, !scatt, for the four snowpacks 
studied in Barrow, Alaska (France et al., 2012).  All the snowpacks demonstrate a broadly 
invariant relationship of scattering coefficient with wavelength.  Conditions used to determine the 
values are described in Table 2b.2.  The typical uncertainty in !
scatt
 owing to a 5% change in 
snowpack density is ±
5%
7%
. 
 
Several studies have previously determined snowpack optical extinction 
coefficients (Beine et al., 2006; Fisher et al., 2005; France et al., 2010; Lee-
Taylor and Madronich, 2002) at a wavelength of 400 nm in a variety of locations.  
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A comparison between the results from Barrow and previous studies can be found 
in Table 2b.3. 
 
Study Snow Description !
scatt
/ m2 kg-1 !
abs
+
/ cm2 kg-1 
Grenfell and Maykut (1977) Arctic Summer drya 
Arctic Summer meltinga 
 
6.4 
1.1 
7.3 
7.8 
Fisher et al. (2005) Midlatitude windslab – melting 
Midlatitude windslab – dry 
 
1 
2-5 
1 
1-2 
France et al. (2010) Fresh Ny-Ålesund snowpack 
Melting Ny-Ålesund snowpack 
 
16.7 
0.8 
2.7 
19.8 
France et al (2011b) Ny-Ålesund – old windpack 
Ny-Ålesund – fresh windpack 
Ny-Ålesund – marine influenced 
Ny-Ålesund – glacial accumulation 
zone 
 
9.5 
7.7 
20 
25.5 
1.4 
5.4 
3.4 
0.5 
King and Simpson (2001) Arctic spring windblowna 
 
6-30 4-25 
This work Barrow – hard snowpack 
Barrow – soft snowpack 
Barrow – snow of sea-ice 
Barrow – inland snowpack 
1.7 
2.0 
1.7 
1.8 
11 
11 
15 
9 
Table 2b.3.  A comparison of optical coefficients previously determined for Arctic and Northern 
Hemisphere snowpacks at a wavelength of 400 nm.  Note that the values of !
abs
+
and !
scatt
for the 
four Barrow snowpacks are very similar.  a Modelling optical coefficients conducted by Lee-
Taylor and Madronich (2002), not in the original measurement study. 
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The typical error on the scattering coefficient has been calculated to be ~1 m2 kg-1 
(France et al., 2012) and thus the scattering coefficient can be considered to be 
effectively constant (within uncertainty) across the wavelength range of 350-600 
justifying the assumption by Lee-Taylor and Madronich (2002) that !scatt is 
wavelength-independent.  The values of !scatt are ~2 m
2 kg-1 at 400 nm, similar to 
the midlatitude dry windslab studied by Fisher et al. (2005), and both the 
scattering and absorption coefficients are similar to snowpacks previously 
determined for summer Alaskan snow on sea-ice in Lee-Taylor and Madronich 
(2002) using data from Grenfell and Maykut (1977) as described in Table 2b.3. 
 
The snowpack impurity absorption cross-sections were calculated over the 
wavelength range of 350-600 nm, this is work that has not been done before.  The 
snowpack impurity absorption cross-sections (Figure 2b.4) all show a general 
trend of decreasing absorption with increasing wavelength from 350-550 nm and 
a smaller increase from 550-600 nm with the exception of inland snow.  At longer 
wavelengths, the inland snowpack has a lower absorption cross-section that the 
other snowpacks.  The comparison of Barrow snowpack absorption cross-sections 
in Table 2b.3 shows that the Barrow snowpacks are highly absorbing compared to 
other dry Arctic snowpacks.  Lee-Taylor and Madronich (2002) assumed that both 
!
scatt
 and !
abs
+ could be modelled as constant with wavelength, yet the value of 
!
abs
+ is clearly not constant with wavelength in the UV-visible wavelength region. 
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Figure 2b.4.  Black carbon (BC) and HULIS (Humic Like Substances) absorption cross-sections 
fitted to total snowpack impurity absorbance for the four representative Barrow snowpacks.  The 
lines with round markers are absorptions due to impurities within the snowpack derived from field 
measurements, the dashed line is black carbon absorption and the thick solid line is combined 
black carbon and HULIS absorption. 
 
2b.5.2  Snowpack Absorption by Impurities 
The majority of absorption by impurities can be fitted by combining absorption 
cross-sections of particulate black carbon and particulate HULIS (Figure 2b.4).  
Other impurities such as dust may also contribute to impurity absorption in 
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snowpacks, however, there was a lot of visual evidence of plant material and soil 
in the snow at Barrow. 
 
The black carbon absorption spectrum was calculated from a Mie calculation that 
assumed spherical black carbon particles in the snow with a radius of 0.1 !m, 
density of 1 g cm-3 and a refractive index of 1.8-0.5i in concurrence with work by 
Warren and Wiscombe (1980; 1985).  The black carbon absorption cross-section 
is presented in Figure 2b.5 along with black carbon absorption values reviewed by 
Bond and Bergstrom (2006).   
 
Figure 2b.5.  Black carbon mass absorption cross-section.  The filled circles are the absorption 
cross-section used in the work described here (based on the Mie calculation described in the text).  
Black carbon absorption cross-section values measured and reviewed by Bond and Bergstrom 
(2006) or measured by Adler et al. (2010) are represented by the unfilled squares.  The value of 
7.5 ± 1.2 m2 g-1 recommended by Bond and Bergstrom (2006) for the black carbon mass 
absorption cross-section is represented by the shaded band.  The values used in the work presented 
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here are in agreement with the values reviewed in the literature by Bond and Bergstrom (2006).  
The double-headed arrow represents the region of interest for the study presented here. 
 
The absorption spectrum of HULIS used in this study was taken from Figure 4 of 
Hoffer et al. (2006) for biomass burning.  Forest fires in Alaska and the soil 
beneath the snow in Barrow were probably the main sources of HULIS in Barrow 
snowpack (Clarke et al., 2007; Stohl et al., 2006; Voisin et al., 2012).  The linear 
combination of black carbon and HULIS absorption cross-sections was fitted to 
Figure 2b.4 by eye (France et al., 2012).  Both the HULIS absorption spectra 
(Hoffer et al., 2006) and the black carbon absorption spectra (Warren and 
Wiscombe, 1980) are shown as per unit mass of carbon therefore it is possible to 
estimate crudely the amount of black carbon and HULIS found in the snowpack 
(Table 2b.4).  The values for amount of black carbon and HULIS in the snowpack 
are considerably larger than the amount of impurities measured by chemical 
extraction in the windpack and windblown snowpacks at Barrow (Voisin et al., 
2012).  The chemical extraction values ranged between 2-17 ng g-1 for black 
carbon, 30-200 ng g-1 for water insoluble organic carbon and 30-360 ng g-1 for 
dissolved organic carbon (Voisin et al., 2012).  The estimates shown in Table 2b.4 
depend on many factors and are discussed later in this chapter. 
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e-folding depth Snowpack 
!= 350 nm 
/cm 
! = 400 nm 
/cm 
Black carbon 
/ng-C g-1 
HULIS 
/!g-C g-1 
Hard 7 10 70 1.2 
Soft 7.5 9 70 1.4 
Snow on sea-ice 7.5 9 90 1.5 
Inland 12 15 41 1.2 
Table 2b.4.  Estimated concentrations of black carbon and HULIS in the snowpacks around 
Barrow.  Derived from fitting combinations of black carbon and HULIS absorption cross-sections 
to absorption cross-section of snowpack impurities in Figure 2b.4.  Note that the concentration is 
per unit mass of carbon in HULIS or black carbon per gram of snow.  The concentration of HULIS 
in the snowpack should be treated as an upper limit and representative of all light-absorption 
snowpack impurities.  Values of e-folding depth are included for comparison. 
 
2b.5.3 Photolytic Rate Coefficients and Fluxes as a Function of Solar Zenith 
Angle and Snowpack Depth 
Photolysis rate coefficients, J, for the photolysis of hydrogen peroxide, nitrate and 
nitrite in the four representative snowpacks of Barrow were calculated for 106 
depths in each snowpack at 30 separate solar zenith angles between 0 and 90° 
(equally spaced over cos ").  Contours of equal photolysis rate coefficients for 
reactions 2b.1 and 2b.2 are plotted versus depth and solar zenith angle in Figures 
2b.5, 2b.6 and 2b.7 respectively.  The photolysis rate coefficient for the 
production of OH radicals, NO2 or NO in the snowpack can be interpolated from 
the plots for any solar zenith angle and for any depth in the semi-infinite snow, a 
nominal value of 1 m for this study. 
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Figure 2b.6.  Photolysis rate coefficients (s-1) as a function of depth and solar zenith angle for the 
photolysis of NO
3
-
 to NO2 (reaction 2b.1) for each of the four Barrow snowpacks.  Values were 
determined using the conditions described in Table 2b.2 under clear sky conditions. 
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Figure 2b.7.  Photolysis rate coefficients (s-1) as a function of depth and solar zenith angle for the 
photolysis of H2O2 to produce to hydroxyl radicals (reaction 2b.2) for each of the four Barrow 
snowpacks.  Values were determined using the conditions described in Table 2b.2 under clear sky 
conditions. 
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Figure 2b.8.  Photolysis rate coefficients (s-1) as a function of depth and solar zenith angle for the 
photolysis of NO
2
-
 to NO (reaction 2b.3) for each of the four Barrow snowpacks.  Values were 
determined using the conditions described in Table 2b.2 under clear sky conditions. 
 
2b.5.4  Depth-Integrated Production Rates (Fluxes) of NO, NO2 and OH 
Radicals for the OASIS Field Campaign 
Photochemical depth-integrated production rates (fluxes) of NO, NO2 and OH 
radicals were calculated for the four snowpacks for every minute of the OASIS 
campaign (Figures 2b.9 and 2b.10).   
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Figure 2b.9.  Depth-integrated production (maximum fluxes) of NOx and NO2 in the snowpack for 
the duration of the Barrow OASIS campaign, assuming all in-snow photolytic production of NOx 
from nitrate and nitrite is liberated from the snowpack.  The top line in each graph is total NOx 
photolytic production rates (NO + NO2) and the lower line is NO2 photolytic production rates for 
each snowpack.  Note that the corresponding left and right hand side axes have different ranges.  
The depth-integrated production rates (maximum fluxes) are calculated with a concentration of 3.9 
!mol l-1 of nitrate and 0.02 mol l-1, an average of snow measurements during the OASIS 
campaign, with no depth dependence.  Concentrations of chromophores are for melted snow. 
 
Calculated photolytic production of NO2 shows a variation between the Barrow 
snowpacks of less than a factor of 2.  Julian Day 90 shows the maximum potential 
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fluxes of NO2; 17 nmol m
-2 h-1 for the inland snowpack, 15 nmol m-2 h-1 for the 
hard snowpack, 13 nmol m-2 h-1 for the soft snowpack and 14 nmol m-2 h-1 for the 
inland snowpack.  The maximum photolytic production rate of NO from the 
photolysis of nitrite is 55 nmol m-2 h-1 for inland snowpack, 39 nmol m-2 h-1 for 
hard snowpack, 30 nmol m-2 h-1 for the soft snowpack and 36 nmol m-2 h-1 for 
snow on sea-ice.  The maximum depth-integrated in-snow production rate of OH 
radicals also occurs on Day 90 with maximum potential fluxes of 160 nmol m-2 h-
1 for inland snowpack, 110 nmol m-2 h-1 for the soft snowpack and 120 nmol m-2 
h-1 for the snow on sea-ice and hard snowpack.   
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Figure 2b.10.  Depth-integrated production rates (maximum fluxes) of OH radicals from the 
photolysis of hydrogen peroxide, nitrate and nitrite in the snowpack for the duration of the Barrow 
OASIS campaign.  The depth-integrated production rates are calculated with a concentration of 0.4 
!mol l-1 of hydrogen peroxide, 0.02 !mol l-1 of nitrite and 3.9 !mol l-1 of nitrate.  Concentrations 
of chromophores are for melted snow. 
 
The maximum in-snow production rate of NOx is 72 nmol m
-2 h-1 for inland 
snowpack and 44 nmol m-2 h-1 for soft snowpack.  The production rate of OH 
radicals is a summation of OH radicals produced through nitrate, hydrogen 
peroxide and nitrite photolysis according to reactions 2b.1, 2b.2 and 2b.3 
respectively.   
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While F(NO2), F(NO) and F(OH) are proportional to the downwelling broadband 
UV irradiance measured by the Eppley TUVR the depth-integrated production 
rate of NO2, NO and OH radicals can be scaled by downwelling TUVR irradiance 
(295-385 nm broadband) measurement.  There is an approximately linear relation 
between depth-integrated production rate of NO2, NO or OH radicals and 
downwelling broadband UV irradiance, and Figure 2b.11 demonstrates that for 
diffuse and clear sky conditions between solar zenith angles of 51-90°. 
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Figure 2b.11.  Demonstrating the linear relationship and validity of scaling depth-integrated 
production rates of NO, NO2 and OH radicals using broadband UV measurements (295-385 nm).  
Each point is a solar zenith angle between 51-90°.  Minimum solar zenith angle was ~66° during 
the OASIS campaign.  The snowpack presented here is the hard snowpack, modelled using the 
conditions in Table 2b.2. 
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TUVR downwelling irradiance measurements in Figure 2b.11 can be used to 
predict the depth-integrated production rates of NO2, NO and OH radicals for the 
snowpacks and solar zenith angles studied here.  The relationships shown here are 
only for these snowpack, however similar relationships should be possible for 
other snowpacks. 
 
2b.6  Discussion 
The discussion is broken into 4 sections:  (a) the effect of grain size on the 
derivation of !
scatt
 and !
abs
+ , (b) the scattering cross-sections of the Barrow 
snowpack, (c) the wavelength dependence of absorption in Barrow snowpack and 
(d) NOx and OH radical in-snow production rates. 
 
2b.6.1  The Effect of Grain Size on the Determination of !
scatt
 or !
abs
+
 
The effect of grain size on derived values of !
scatt
 and !
abs
+  has not been 
considered in previous work using TUV-snow (France, King) because the values 
of !
scatt
 and !
abs
+ along with the asymmetry parameter, g, were used to calculate 
irradiances and photolytic rate coefficients in the snow, i.e. it would not matter if 
!
scatt
 and !
abs
+ were correlated as the resulting irradiance in the snowpack would 
be the same.  However, the absorption cross-section of the impurities in the 
snowpack presented in this chapter were derived and it is useful to assess whether 
the grain size of the snow affects the value of the absorption cross-section derived 
for the impurities in the snowpack.  As values of !
scatt
 and !
abs
+  are empirically 
fitted to the measured albedo and e-folding depth, the only grain size dependent 
quantity used in the radiative-transfer calculation that is not empirically fitted is 
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the asymmetry parameter, g (Lee-Taylor and Madronich, 2002).  Inspection of the 
Mie calculation for 100-2000 !m diameter ice spheres in Figure 4 of Wiscombe 
and Warren (1980) demonstrates that the value of the asymmetry parameter may 
be in the range of 0.885-0.895 for the wavelengths in the work considered here 
(Figure 2b.12).   
 
Figure 2b.12.  Asymmetry parameter, g, for ice spheres of various diameter, as a function of 
wavelength.  Adapted from Wiscombe and Warren (1980).  The double-headed arrow represents 
the wavelength region of interest for work presented in this chapter. 
 
To assess the effect of the value of the asymmetry parameter on the values of 
!
scatt
 or !
abs
+ , the radiative-transfer calculations used to empirically fit !
scatt
 and 
!
abs
+  for the hard snowpack were repeated with values of the asymmetry 
parameter, g = 0.880, 0.885, 0.890, 0.895 and 0.900.  The results for wavelengths 
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of 400, 500 and 600 nm are displayed in Table 2b.5 and show that the values of 
!
scatt
 and !
abs
+  derived are insensitive to the value of asymmetry parameter. 
 
Asymmetry 
Parameter, 
g 
! = 400 nm ! = 500 nm ! = 600 nm 
 !
scatt
 / m2 
kg-1 
!
abs
+
 / cm2 
kg-1 
!
scatt
 / m2 
kg-1 
!
abs
+
 / cm2 
kg-1 
!
scatt
 / m2 
kg-1 
!
abs
+
 / cm2 
kg-1 
0.880 1.5 11.0 1.7 9.5 2.5 14.5 
0.885 1.6 11.2 1.8 9.7 2.7 14.5 
0.890 1.7 11.5 1.8 9.5 2.7 14.5 
0.895 1.8 11.5 1.9 9.5 2.9 14.5 
0.900 1.8 11.7 2.0 9.5 3.0 14.5 
Table 2b.5.  Values of !
scatt
and !
abs
+
 calculated empirically by fitting the reflectance and e-
folding depth for the hard snowpack using different values of the asymmetry factor, g.  Note that 
the values of !
scatt
 and !
abs
+
 derived are insensitive to the value of g.  Values are reported for the 
solar wavelengths of 400, 500 and 600 nm. 
 
The effect of asymmetry parameter on the derived values of !
scatt
 and !
abs
+ were 
also calculated for snowpacks in Dome C (France et al., 2011) as a comparison 
for the Barrow hard snowpack, both results can be seen in Figure 2b.13.  It can be 
seen from Figure 2b.13 that !
scatt
 and !
abs
+  are relatively insensitive to values of 
g. 
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Figure 2b.13.  The effect of varying asymmetry parameter, g, between values for typical ice 
grains (0.88-0.90) for Dome C (France et al., 2011) and the Barrow hard snowpack. Note the 
values for the asymmetry parameter at 400 nm were taken from Wiscombe and Warren (1980, 
Figure 4).  
 
To further test the procedure to determine values of !scatt and demonstrate that 
!scatt is sensitive to the grain size of the snowpack, the procedure outlined in 
section 2b.10.1 was used to fit the !scatt to the albedos and black carbon data 
(calculated by radiative-transfer) contained in Figure 8 of Warren and Wiscombe 
(1980).  Figure 8 of Wiscombe and Warren (1980) shows semi-infinite direct 
beam albedo data as a function of wavelength, grain size (100 and 1000 !m) and 
black carbon content (50 and 500 ng g-1).  Values for !scatt were calculated for 
wavelengths of 300, 325, 350, 375, 400, 450 and 500 nm and were found to be 20 
± 3 m2 kg-1 for the small grained snowpack (for all black carbon concentrations) 
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and 1.9 ± 0.1 m2 kg-1 for the large grained snowpack (for all black carbon 
concentrations) over the wavelength range of 300-500 nm (Figure 2b.14).  The 
above highlights that accurate values of !
scatt
can be determined irrespective of 
black carbon concentration.  For the test presented in Figure 2b.14, black carbon 
concentration was constrained and therefore !
abs
+  was constrained also.  The 
values for black carbon concentrations of 0 ng g-1 seen in Figure 2b.14 are 
representative of only !
scatt
 as !
abs
+  was constrained so no absorption was 
modeled and thus the values are unrealistic for real snowpacks. 
 
Figure 2b.14.  Sensitivity of model to grain size and black carbon concentration.   
 
Snowpacks are typically inhomogeneous layered structures yet in the work 
presented here the snowpacks are treated as one layer and the problems of treating 
the snowpack as one layer needs to be addressed.  Previous work by France et al. 
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(2011a) used stratigraphic snowpack data to calculate the irradiance and 
photolytic rate coefficients in separate windpack layers in an Antarctic snowpack.  
The three layers considered were a surface soft windpack, a hard windpack and a 
hoar-like layer.  The different layers of windpack had different properties, i.e. 
!
scatt
 and !
abs
+ , in the radiative-transfer calculations due to different grain size and 
light-absorbing impurity content (Table 2b.6).   
 
Snow description !
scatt
 /m2 kg-1 
(! = 350 nm) 
!
abs
+  /cm2 kg-1 
(! = 350 nm) 
Grain size / mm 
Soft windpack 14-22 (20) 1.3-2.2 (1.7) 0.3-1 
Hard windpack 17-24 (19) 1.3-1.8 (1.7) 0.3-2 
Hoar-like layer 8-16 (10) 0.6-1.4 (1.2) 1-4 
Table 2b.6.  Snowpack properties for each snowpack layer at Dome C.  Values in brackets are 
median value of the derived optical coefficients.  Adapted from France et al. (2011a). 
 
It can be seen from Table 2b.6 that France et al. (2011a) found that non-
windpacked layers had very different optical properties to windpacked layers yet 
there was little or no change between the windpacked layers.  As all the 
snowpacks measured in Barrow consisted solely of windpacked layers, radiative-
transfer calculations for different layers were not undertaken due to the substantial 
increase in computational work needed to create layers within the snow similar to 
those described in chapter 2a ,with only a slight change to the irradiance-depth 
profiles.  The typical uncertainty in "scatt owing to a 5% change in snowpack 
density is ±
5%
7%  and the typical uncertainty in !
abs
+ , black carbon or HULIS owing 
to a 5% change in snowpack density is ±
9%
6% . 
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2b.6.2  The Scattering Cross-Sections of Barrow Snowpack 
Although the values of the scattering cross-section may be considered smaller 
than expected, a sensitivity analysis of the radiative-transfer modelling process to 
determine absorption and scattering cross-sections yielded no large changes in the 
values of !
scatt
 or !
abs
+  for small changes in e-folding depth, albedo or the 
asymmetry parameter.  A possible relationship between specific surface area of 
snow and scattering cross-section can lead to an expectation of greater values of 
!scatt(") (Domine et al., 2008).  Domine et al. (2008) state that there is a 
mathematical relationship between scattering cross-section (!scatt) and the specific 
surface area (SSA) of snow, Kokhanovsky and Zege (2004, p. 1594, equation 
(22)) also describe this relationship.  Scattering cross-sections recorded for coastal 
snowpacks in Antarctica (Beine et al., 2006) show similar scattering cross-
sections to Barrow.  Values of snow specific surface area were derived from snow 
reflectivity in the near IR (Domine et al., 2012) producing values of ~30-40 m2 
kg-1, this suggests scattering cross-sections of 15-20 m2 kg-1.  However, Figure 
2b.3 and Table 2b.3 demonstrate typical !scatt values of ~2 m
2 kg-1, these values 
were derived from e-folding depth and surface reflectance and a re-investigation 
of the modelling process used to calculate !scatt(") revealed no errors or processes 
that could cause a large change in !scatt(") for a small change in modelling 
parameters.  Gallet et al. (2010) conducted a similar study at Dome C in 
Antarctica that found values of snow specific surface area of ~31 m2 kg-1, this 
would suggest !scatt values of ~25-16 m
2 kg-1.  For the same location, France et al. 
(2011a) determined !scatt values of 14-24 m
2 kg-1 using surface reflectance and e-
folding depths for surface snows using the same technique described here.  This 
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indicates that the relationship between snow specific surface area and !scatt 
appears to be valid for snow at Dome C but not valid at Barrow.  An obvious 
difference between the study at Dome C and that at Barrow is the amount of light-
absorbing impurities in the snowpack.  The snowpacks studied at Barrow during 
the campaign were very dirty relative to the very clean snowpacks measured at 
Dome C.  Scattering and absorption are independent quantities so the lowering of 
!
scatt
owing to increased absorption is unlikely. 
 
It is not possible to drastically alter the value of !scatt and replicate the measured 
reflectivity and e-folding depth measurements by (1) varying the asymmetry 
parameter within the limits suggested by Wiscombe and Warren (1980), (2) 
varying nadir reflectivity or e-folding depth by amounts representing experimental 
error (i.e. measurement error), or (3) changing !
abs
+  by 20%.  Occasionally 
proposed is the explanation that the measured reflectivity and measured e-folding 
depth are for different snow layers i.e. albedo for the surface layer and e-folding 
depth for another layer deeper in the snowpack with very different optical 
properties for different layers as the measurements of e-folding depth and nadir 
reflectance are taken in different parts of the snowpack, thus possibly having a 
thin (<1 cm) top layer of snowpack containing all the light absorbing impurities 
underlain by a clean snowpack.  Exploratory calculations with TUV-snow and 
experience suggest that such conditions would be obvious to the naked eye as a 
dirty top layer would be a different colour to the rest of the snowpack.  No such 
layer was observed at Barrow and all snowpits studied show similar values of 
!scatt (1.7-4 m
2 kg-1 (" = 400 nm), see appendix - Barrow), thus to summarise there 
is no reason to suspect that the method of determining !scatt is not robust.  At 
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present, there is no available explanation for the disagreement between snow 
specific surface area and !scatt for the snowpacks presented here. 
 
2b.6.3  The Wavelength Dependence of Absorption in Barrow Snowpack 
The absorption spectrum of light-absorbing impurities in the snowpack is plotted 
in Figure 2b.4.  The absorption cross-section describes the total absorption of 
light-absorbing impurities whether they are internal or external to the snow grains.  
External light-absorbing impurities are particles such as soil or black carbon that 
were trapped or deposited since snowfall.  Internal light-absorbing impurities have 
been incorporated into the snow grain as a deposited gas, during snow 
metamorphism or as part of the original snowfall.  Figure 2b.5 compares the mass 
absorption cross-section used in previous work and the work presented here with 
measurements of the mass absorption coefficients found in Table 6 of the review 
by Bond and Bergstrom (2006) and in Adler et al. (2010).  Figure 2b.5 
demonstrates that values of the mass absorption cross-section from Bond and 
Bergstrom (2006) and Adler et al. (2010) are similar to the values used in this 
study.  The interesting and important aspect of this work in this chapter is that 
both a HULIS and a black carbon absorber are required to explain the total 
absorption by impurities in the snowpack, not just black carbon.  It may not be 
possible in the future to model UV-visible photolytic processes in the snowpack 
without considering both HULIS and black carbon absorptions. 
 
Comparison of the absorption cross-sections of the four snowpacks in Figure 2b.4 
demonstrate that the coastal snowpacks have an absorption in the wavelength 
region of 550-600 nm that is not present in the inland snowpack and not 
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accounted for by the HULIS or black carbon absorption spectrum used in this 
work (Hoffer et al., 2006).  For the three coastal snowpacks, a third light-
absorbing impurity may be required.  Marine microbiology could be responsible 
for this absorption and a similar feature has been noted in the extracted HULIS 
spectrum by Voisin et al. (2012).  The noted feature is not visible in the inland 
snowpack absorption cross-section, only sites close to the open lead in Barrow 
have this feature.  At present a realistic absorption spectra for marine 
microbiological detritus exists in Perovich et al. (1993, Figure 1) and this is a 
topic ripe for further fieldwork.  The figure from Perovich et al. (1993) showing 
the absorption coefficients for bottom ice algae has been reproduced in Figure 
2b.15. 
 
Figure 2b.15.  Spectral absorption coefficients for bottom ice algae determine at a bare ice site, 
adapted from Perovich et al. (1993).  
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The amounts of black carbon predicted for Barrow snowpacks is much greater 
than in more remote regions of the Arctic, where the average black carbon 
concentrations range from 3 ng g-1 (Greenland) to 26 ng g-1 (West Russia) with an 
Alaskan snowpack average of 9 ng g-1 (Doherty et al., 2010).  The derived 
scattering and absorption coefficients from the work presented here are similar to 
previously determined values for Alaskan snow on sea-ice from Lee-Taylor and 
Madronich (2002) using data from Grenfell and Maykut (1977).    In April 2007, 
Doherty et al. (2010) extracted and quantified black carbon in Barrow snow 
within 10 km of the snowpacks studied here.  Lyapustin et al. (2010) show a 
photograph and reflectivity data for the snow sampled by Doherty et al. (2010) 
describing it as “fresh snow with minimal redistribution by the wind”.  The old 
windpacked snow described in this study is very different from the new unworked 
snow sampled by Doherty et al. (2010).  The windpacked snows presented here 
were characteristic of the OASIS campaign and have clearly had the opportunity 
to accumulate more light-absorbing impurities through multiple wind events 
relative to the Doherty et al. (2010) sample.  Doherty et al. (2010) highlight that 
they ignored samples from the lower 40% of some snowpacks to avoid bias in the 
samples due to windblown soil.  Such sampling methods were not desired in the 
study presented here as the main aim of the work was to measure and model the 
optical properties of the Barrow snowpack during the OASIS campaign thus 
allowing photochemical production rates to be calculated.  The original aim was 
not to measure black carbon concentration in the snowpack, thus a comparison 
between the snowpacks of Doherty et al (2010) and the work presented here is not 
sensible.  The calculated amounts of black carbon in Barrow snow are comparable 
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to values measured in East Russian Arctic snow (~10-150 ng g-1) where sampling 
was restricted to within 100 km of cities and local pollution sources could have 
become incorporated into the snowpack (Doherty et al., 2010).  Sources of black 
carbon in Barrow area could have been due to the frequent snow machine traffic 
and pollution from the local town.   
 
Concentrations of various black and brown carbon species found in snow have 
been reported for some of the snowpacks studied in Barrow (Voisin et al., 2012).  
Voisin et al (2012) determined the carbon concentrations in the snowpack by 
extracting carbon from the snowpack using various methods (e.g. SPE cartridge, 
filtering etc) and measuring the carbon content chemically, the method provided 
black carbon concentration values considerably higher than those measured in this 
study.  The values stated here are reported optically after assumptions about the 
absorber identify have been made.  The majority of the disagreement between 
Voisin et al. (2012) and the results shown in Table 2b.4 may be owing to the 
simple approximations for a HULIS and black carbon absorber in the snowpack 
made in this study.  Bohren (1986) demonstrated that uncertainties in the shape, 
refractive index and internal/external position of the black carbon with respect to 
the snow grain could yield changes in the black carbon absorption cross-section 
by factors of 2.2, 5 and 1.4 respectively.  Uncertainities in the HULIS absorption 
cross-section by factors of 1.8 and 1.3 for the shape and internal/external position 
of the HULIS particles were calculated using the refractive index of HULIS 
measured by Hoffer et al. (2006) and the mathematical approach of Bohren 
(1986)(E2b.9).   
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where v is the volume of a particle, ! is its dielectric function relative to that of the surrounding 
medium (in air, !=2.99+i1.8) and k is the wavenumber of the incident light. Taken from Bohren 
and Huffman (1983), p.350. 
 
As there is more uncertainty in the identity of the UV absorber than the value of 
its refractive index, the uncertainty owing to the refractive index of HULIS was 
not considered.  Any discrepancies between the measurements of Voisin et al. 
(2012) and the values presented in Table 2b.4 may be due to how black carbon 
and HULIS are measured and defined.  Taking the previous statement into 
consideration it is important to understand what Figure 2b.4 demonstrates: (1) the 
total amount of light-absorbing impurity in the snowpack is not constant over 
350-600 nm, (2) the light-absorbing impurities in the Barrow snowpack can be 
fitted to a combination of black carbon and HULIS absorbers but a third absorber 
based on marine microbiological detritus may also be required, and (3) estimated 
concentrations of black carbon and HULIS in snow can be calculated from optical 
measurements, however, these values depend on the location and the physical 
characteristics of the absorber.  To clarify, it should be noted again that the 
absorption by snowpack impurities has been fitted to a linear combination of 
black carbon and HULIS absorption spectra to demonstrate that the total 
absorption is consistent with a mixture of light-absorbing impurities in the 
snowpack.  It is possible to replace the material termed as HULIS with other light-
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absorbing impurities such as brown carbon, dust or marine detritus.  The 
concentration of HULIS in the snowpack should be treated as the upper limit and 
representative of all light-absorbing impurities.  An advantage of the technique 
presented here is that the total absorption by light-absorbing impurities in the 
snowpack can be determined without melting or significantly altering the 
snowpack, in contrast to Voisin et al. (2012). 
 
2b.6.4  NOx and OH Radical In-Snow Production Rates (Fluxes) 
It has been previously stated by King and Simpson (2001) that 85% of 
photochemistry occurs in the top 2 e-folding depths of the snowpack, therefore, 
using the e-folding depths measured at 350 nm, 85% of the photochemistry for the 
Barrow snowpack occurs in the top 14-24 cm of snow cover.  The combined 
depth-integrated production rate of NO2 and NO is the upper limit for the NOx 
flux from the snowpack, it assumes that all photoproduced NOx is able to escape 
from the snowpack.  For a solar zenith angle of 66°, the maximum calculated 
noon-time NOx flux from the inland snow at Barrow was 72 nmol m
-2 h-1, with 
70% and 30% from photolysis of nitrite and nitrate respectively.  The uncertainty 
of the depth-integrated production rates is approximately 20% (France et al., 
2010).   
 
In the conditions at Barrow nitrite seems to dominate as a source of NOx 
contributing approximately 3 times more NOx than nitrate, however, the 
photolysis of NO
2
-  to produce NO is not usually considered a significant source of 
NOx.  Previous analysis by Chu and Anastasio (2007) demonstrates that nitrate 
and nitrite photoproduction rates are comparable for OH production on ice grains 
!"#$%&'()*+(,#''-.(/"-%-0"&123%'4(
( ( (5)6(
(therefore making the analysis applicable to NOx in-snow production (reactions I, 
II and IV)) and a similar result was obtain by Jones et al. (2001) during the 
CHABLIS campaign.  The conditions experienced at Barrow favour nitrite 
photolysis over nitrate photolysis due to: (1) the large value of J
NO2
! NO2
-"# $%  
production relative to the value of J
NO 3
! NO3
-"# $% , (2) the presence of a large ozone 
column attenuating the shorter UV wavelengths relative to longer UV 
wavelengths.  The maximum of the action spectrum (the product of the absorption 
cross-section and the quantum yield) for nitrite photolysis is ~355 nm compared 
to the maximum of the action spectrum for nitrate photolysis of ~305 nm, and (3) 
the presence of a wavelength-dependent absorber in the snowpack that shows 
increasing absorption at shorter wavelengths.  Thus, if the impact of nitrite 
photochemistry to form NO in the snowpack is also considered and added to the 
NO2 production rate to give a total in-snow production rate of NOx, the total in-
snow production for the Barrow snowpacks of 33-72 nmol m-2 h-1 will become 
larger than 40 nmol m-2 h -1, the maximum flux of NOx measured at Alert Canada 
at a solar zenith angles of ~66° (Beine et al., 2002).  However, the depth-
integrated production rate of NO is dependent upon the assumption that a single 
site measurements of nitrite concentration in the snowpack is valid across the 
whole Barrow region, i.e. the single measurement of NO
2
-!" #$  is a concern in this 
work.   
 
It has previously been demonstrated that snowpack emissions of NOx have an 
impact on the oxidative capacity of the lower troposphere (Bloss et al., 2007; 
Morin et al., 2008; Wang et al., 2008; Yang et al., 2002).  It is likely that some of 
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the photoproduced NO2 in the snowpack would be involved in some secondary 
chemistry within the snow matrix and therefore the depth-integrated production 
rates of NO2 presented here can only be considered to be maximum fluxes.  
Anastasio and Chu (2003) previously suggested that 30% of the NO2 is converted 
prior to release from the snowpack.  Although the release of NO2 from the snow 
cover to the atmosphere would be partly temperature controlled (Boxe et al., 
2006), it is unlikely that the photoproduced NOx at Barrow will be trapped within 
the snow microstructure to a large degree as sunlight-dependent fluxes have 
already been observed over colder snowpacks in Alert (Beine et al., 2002).  The 
mechanism for movement of photoproduced NOx from the snowpack to the 
atmosphere seems to be mostly influenced by windpumping at the surface of the 
snowpack and gas diffusion at greater depths within the snowpack (Thomas et al., 
2011).  Bock and Jacobi (2010) discuss the complexity of the nitrate 
photochemical system in snow. 
 
A reduction in predicted photolytic NOx production is seen in the coastal 
snowpack by a factor of ~1.7 compared to the cleaner inland snowpack (Figure 
2b.9) due to increased black carbon (and HULIS) absorption in the coastal 
snowpacks relative to the inland snow.  The effect of increasing black carbon 
concentration and snowpack absorption upon the Alaskan snowpack is explored 
in chapter 2c (and Reay et al., 2012). 
 
The calculated depth-integrated production rates of total OH radical production 
from the photolysis of NO
3
- , H
2
O
2
or NO
2
-  in Barrow snowpacks are shown in 
Figure 2b.10, demonstrating that the variation in snowpack scattering and 
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absorption cross-sections between the four representative Barrow snowpacks only 
causes a small variation, a factor less than 2, in the in-snow photochemical 
production of OH radicals.  The in-snow photochemical production of OH 
radicals may help in the formation and release from the snowpack of organic 
compounds that appear to have a photochemical source (Anastasio et al., 2007; 
Hutterli et al., 2004; Sumner et al., 2002).  The dynamically coupled atmospheric-
snow modelling performed by Thomas et al. (2011) demonstrates the importance 
of OH radical production with respect to halogen release from the snowpack.  The 
relative contributions to OH production by NO
3
- , H
2
O
2
 and NO
2
-
 are 
approximately 4%, 60% and 36% respectively.  It was previously calculated by 
Chu and Anastasio (2007) that nitrite and nitrate photolysis contributed a similar 
amount of OH radicals to the snowpack but snowpack conditions in Barrow 
favour the production of OH radicals from nitrite (relative to nitrate) compared to 
previous calculations due to large nitrite concentrations and relatively low H2O2 
concentrations, yet OH radical production from nitrite is still a factor of ~2 
smaller than H2O2. 
 
2b.7 Conclusions 
The measurements of optical properties of snowpacks in Barrow and subsequent 
in-snow photochemical modelling have allowed a number of important 
conclusions to be drawn: 
1. Non-black carbon impurities in the snowpack have a large absorption 
cross-section at the short solar wavelengths, responsible for photolytic 
reactions in the snowpack, therefore it is important to accurately account 
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for spectrally resolved absorption by both black carbon and non-black 
carbon impurities in the snowpack. 
2. For individual snowpacks, estimates of depth-integrated production rates 
can be scaled and approximately correlated with downwelling UV 
irradiance. 
3. The importance of NO fluxes from the snowpack owing to nitrite 
photolysis may have been significantly overlooked in previous campaigns.  
In this work, NO from nitrite photolysis has been calculated to be 
approximately three times larger than NO2 from nitrate photolysis.  In the 
snowpack the contribution of nitrite to OH radical production is 
approximately half that of hydrogen peroxide. 
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Chapter 2c 
 
The effect of ng g
-1
 black carbon mass ratio on terrestrial 
and marine snowpacks at Barrow, Alaska:  OASIS spring 
campaign 2009 
 
Results from this chapter have been published in “Decreased albedo, light penetration depth and 
photolytic production of OH radicals and NO2 in Barrow snowpack: A scenario of increasing black 
carbon in snow”, H.J. Reay, J.L. France and M.D. King (2012), Journal of Geophysical Research, 
117(D00R20), doi:10.1029/2011JD016630 (see Appendix 3) 
 
2c.1 Introduction 
Recent climatic changes in the Arctic i.e. thinning sea-ice, early springs and glacier 
retreat may be due to warming associated with increased black carbon content in 
Arctic snow (Hansen and Nazarenko, 2004).  Trace amounts of dust, HULIS and 
black carbon deposited on or within a snowpack can reduce the albedo of that 
snowpack relative to pure snow (e.g. Clarke and Noone, 1985; France et al., 2011b; 
Warren, 1982; Warren and Wiscombe, 1980; 1985).  Changes in the extent of global 
snow and ice can account for up to fifty percent of interannual variability in planetary 
albedo (Qu and Hall, 2005).  Studies have shown that the albedo of snow can be 
reduced by ~1% with the addition of ~10 ng g
-1
 of black carbon in snow (Clarke and 
Noone, 1985; Flanner et al., 2007; Grenfell et al., 2002; Hansen and Nazarenko, 
2004; Jacobson, 2004).  Hansen and Nazarenko (2004) suggest black carbon in snow 
is a factor of two more efficient than atmospheric carbon dioxide in altering global air 
temperatures and has a maximum global radiative forcing of +0.3 W m
-2
.  Typical 
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mass ratios of black carbon found in snow throughout the world (measured using 
filtration techniques, not optically) are 0.2–60 ng g
-1 
with extreme values greater than 
250 ng g
-1
 (e.g. Clarke and Noone, 1985; Hansen and Nazarenko, 2004, Hegg et al., 
2010).  Using the method developed by Clarke and Noone (1985), Doherty et al. 
(2010) reported equivalent black carbon, Cequiv
BC , (the mass of black carbon present in 
the snow to account for total light absorption in the snowpack) mass ratios in the 
Canadian and Alaskan Arctic as (14 ± 7) ng g
-1
.  Increasing mass ratios of black 
carbon in snow increases the amount of incident light absorbed by snow (Warren, 
1984; Warren et al., 2006) and decreases the light penetration depth (e-folding depth) 
of the snowpack.  Light penetration depth  (e-folding depth) is a useful metric in snow 
photochemistry and is the distance for irradiance to decrease to 
1
e
 (or ~37%) of its 
initial value within a snowpack.  The e-folding depth, !, can be mathematically 
defined using Equation (2a.4), found in Chapter 2a. 
 
Snowpack is an efficient medium for chemical photolysis (see reviews of Dominé and 
Shepson, 2002; Grannas et al., 2007) and reduction of the e-folding depth by 
increasing black carbon mass ratio in the snow will reduce the rate of photolysis of 
impurities and pollutants in the snowpack such as nitrate (e.g. Fisher et al., 2005; 
France et al., 2010; King and Simpson, 2001).  A decrease in the molecular flux of 
NO2 (R2b.1, in Chapter 2b) is expected with increasing black carbon content.  
 
The production of hydroxyl radicals (R2b.1, R2b.2 and R2b.3, found in Chapter 2b) 
may be responsible for fluxes of organic chemicals from the snow (e.g. Abbatt et al., 
2012; Chu and Anastasio, 2005; Dominé and Shepson, 2002; Peterson and Honrath, 
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2001).  Larger molecular fluxes of NO2 from the snowpack or larger yields of OH 
radicals in the snowpack are associated with a larger e-folding depth (e.g. Fisher et 
al., 2005; France et al., 2010) and less light absorption by snowpack or its impurities 
(i.e. less black carbon or other light-absorbing snow impurities such as dust or 
HULIS).  Further work presented here focuses on the photolysis of nitrate (R2b.1) and 
hydrogen peroxide (R2b.3) as nitrite concentrations were not measured at Barrow for 
the OASIS 2009 campaign. 
 
Previous radiative-transfer calculations of light propagation in snowpack undertaken 
by myself and my research group have always required the addition of black carbon 
to the snow to match the modelled snowpack reflectivity and e-folding depth with 
field measurements of e-folding depth and reflectivity of snowpacks (e.g. Beine et al., 
2006; Fisher et al., 2005; France et al., 2010; King et al., 2005, Lee-Taylor and 
Madronich, 2002).  Increases or decreases in the mass ratio of black carbon may 
respectively decrease or increase the albedo, e-folding depth and flux of chemicals 
from the snowpack respectively.  Previous studies have considered the effect of black 
carbon on snowpack albedo (e.g. Aoki et al., 2000; Chylek et al., 1983; 1987; Flanner 
et al., 2007; Warren and Wiscombe 1980; 1985) but to the author’s knowledge the 
response of light penetration depth (e-folding depth) and depth-integrated production 
rate of chemicals from snowpack has not been quantified solely as a function of black 
carbon mass ratio in snowpack.  The detailed field and modelling study of the Barrow 
snowpacks during the OASIS campaign (France et al., 2012) provided enough good 
quality data to allow e-fold, albedo and depth-integrated production rates to be 
calculated as a function of black carbon.   
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Future deposition of black carbon from the atmosphere to the snowpack is expected to 
change (increase or decrease) and the resulting effect on albedo, e-folding depth and 
depth-integrated production rates is unknown.  In this chapter, four snowpacks from 
Barrow, Alaska optically studied in chapters 2a and 2b are used to investigate the 
change in albedo, e-folding depth and depth-integrated production rate with 
increasing and decreasing amounts of black carbon using similar radiative-transfer 
calculations described by France et al. (2012).  The calculations allow the variation of 
albedo and e-folding depth to black carbon mass ratios to be quantified in four 
snowpacks representative of the Barrow, Alaska region for the Barrow 2009 OASIS 
campaign.  It is important to understand how black carbon mass ratio affects the 
albedo, e-folding depth and photochemical production rates within snowpack because 
variations in albedo and e-folding depth change the reflectivity and absorption 
properties of the snow thus contributing to the global heat budget.  The release of 
chemicals through photochemical production rates in snow influences the overlying 
atmosphere, with important implications for the regional troposphere, ozone 
concentrations and the use of photochemical concentrations in ice cores as a proxy for 
past atmospheric photochemical concentrations (e.g. Beine et al., 2002b; Blunier et 
al., 2005; Domine and Shepson, 2002; Freyer et al., 1996; Fuhrer et al., 1996; 
Grannas et al., 2004; 2007; Honrath et al., 1999; Jacobi et al., 2004a; Jones et al., 
2000; Low et al., 1990; Mulvaney  et al., 1998; Neftel et al., 1985; Sumner and 
Shepson, 1999; Thomas et al., 2012; Wolff, 1995; 1998). 
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2c.2 Aims 
The aims of the work presented in this chapter are to: 
1. Calculate the effect of changing black carbon mass ratio on albedo, e-folding 
depth and depth-integrated production rates of OH and NO2 radicals for four 
Barrow snowpacks. 
2. Calculate the effect of changing HULIS mass ratio on albedo and e-folding 
depth. 
 
2c.3 Methods 
In this chapter, four representative snowpacks from Barrow, Alaska are studied in 
greater detail – soft snowpack, hard snowpack, inland snowpack and snow on sea-ice, 
these four snowpacks represent the snows around Barrow.  Measurements of 
e!folding depth, nadir surface reflectance, snowpack stratigraphy and photochemical 
production rates from chapters 2a and 2b were used to calculate the effect of black 
carbon and HULIS on the four snowpacks.  The methods are described here: 
 
2c.3.1 Modelling Procedure 
Albedo, e-folding depth and depth-integrated production rates of OH and NO2 
radicals for four Barrow snowpacks are calculated from irradiances within snowpack 
as a function of black carbon content, solar zenith angle and sky conditions (i.e. clear 
or completely cloudy skies).  It is necessary to describe (a) the snowpacks selected for 
this study (b) the radiative-transfer calculations of irradiance in the snow and (c) the 
calculations of albedo, e-folding depth and depth-integrated production rates from 
irradiances in the snow. 
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2c.3.1.1 Snowpacks 
Generally the snowpack stratigraphy constituted a basal depth hoar with intermediate 
layers of faceted crystals and windpacked top layers frequently coated with a thin 
layer of diamond dust (Dominé et al., 2011a).  The presence of a strong temperature 
gradient causes the depth hoar layers in all snowpacks to be formed through 
snowpack metamorphism, this is typical of Alaska’s Arctic Coastal Plain (Sturm and 
Liston, 2003).  The four snowpacks for the campaign were ‘soft’, ‘hard’, ‘snow on 
sea-ice’ and ‘inland’.  The depth and stratigraphy of the snow on sea-ice, although 
similar, contained greater variability than on land with occasional very thin (<1 mm) 
melt-freeze layers occurring more frequently in the snow on sea-ice.  Supercooled 
droplets created by open leads and then frozen on the snow surface may have been the 
cause of the melt-freeze layers (France et al, 2012).  Thin (< ~1 mm) melt-freeze 
layers do not measurably alter e-fold measurements (France et al, 2012).  Details of 
the individual snowpack stratigraphy for the four snowpacks summarised in Table 
2c.1 can be found in Figure 2c.1.   
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Figure 2c.1.  Snowpack stratigraphy based on the notation of Fierz et al. (2009), adapted from France 
et al. (2012). 
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Location !
scatt
 / m2  kg"1  
  
Column 
Ozone 
Snow 
Density 
Snow 
Temperature 
!  / nm 
Snow 
Type 
Date of 
measurement 
Longitude Latitude /Dobson 
Units 
/g cm
-3
 /°C 
Description of 
top snow layer 
300 350 400 450 500 550 600 
Hard 
snowpack 
 
11
th
 March 
2009 
71.31896°N 156.6723°W 428 0.38 -15 Windpack, 
rounded grains 
2.0 2.0 1.8 1.8 2.0 2.2 3.0 
Soft 
snowpack 
 
21
st
 March 
2009 
71.31987°N 156.67634°W 450 0.40 -18 Windpack, faceted 
grains 
1.6 1.6 2.0 1.7 1.7 2.1 3.0 
Inland 
snowpack 
 
27
th
 March 
2009 
71.20259°N 156.47471°W 459 0.29 -28 Windpack, faceted 
grains 
1.6 1.6 1.7 2.2 2.5 2.9 3.7 
Snow on 
sea-ice 
14
th
 March 
2009 
71.38469°N 156.45239°W 442 0.40 -24 Windpack, faceted 
grains 
1.9 1.9 1.8 1.7 1.8 2.0 2.7 
 
Table 2c.1. Physical properties of the four snowpacks studied and scattering cross-section, !
scatt
, for each snowpack.  A more detailed description of the stratigraphy and 
physical properties of the four snowpacks can be found in Figure 2c.1 and Chapter 2a respectively. 
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The hard and soft snowpacks may be characteristic of the snowpacks around the 
atmospheric chemistry experiments near the BARC building.  The inland snowpack is 
terrestrial and 15 km inland from the town of Barrow.  The snow on sea-ice is located 
directly off Point Barrow (Figure 2c.2). 
 
 
Figure 2c.2.  Map showing location of four representative snowpacks in the region of Barrow, Alaska.  
Note, the leads shown on the map are indicative and do not represent conditions at time of 
measurement, i.e., the lead were not there on days when measurements were taken in March 2009. 
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2c.3.1.2 Radiative Transfer Calculations 
Irradiances in the snowpack were calculated using the radiative-transfer code in the 
model TUV-snow (Lee-Taylor and Madronich, 2002).  TUV-snow is a coupled 
atmosphere-snow radiative-transfer model with an eight-stream discrete-ordinates 
scheme (Stamnes et al., 1988).  Downwelling and spherical irradiances of short-wave 
radiation (!=280–700 nm, "!=1 nm) were calculated from the top of the atmosphere 
through sixty-five unequal layers, varying from 0.001, 0.01, 1 or 2 km, to 30 unequal 
snow layers varying from either 0.1, 0.5, 1, 5 or 10 cm (5 thinner layers (1 mm) are at 
the snow surface) all within a 1 m snowpack.  The atmosphere was modelled with and 
without clouds to calculate irradiances (and thus photolysis rate coefficients) for 
photochemical reactions in snow for clear sky conditions and to calculate albedo and 
e-folding depths for diffuse sky conditions respectively.  To obtain diffuse sky 
conditions a 100 m thick cloud layer is placed 1 km above the ground with an optical 
depth of 16, an asymmetry factor of 0.86 and single scattering albedo of 0.9999.  For 
the work presented here the albedo of the snowpack was calculated as a ratio of 
upwelling and downwelling irradiance at the snow surface.  The e-folding depth, !, 
was calculated by fitting Equation (E2a.4, found in Chapter 2a), to the downwelling 
irradiances, Id, at depths, d, of 10, 20, 30 and 40 cm in the snowpack with a reference 
depth, d", of 10 cm.  The depths of 10, 20, 30 and 40 cm are within the asymptotic 
zone (Simpson et al., 2002; Warren, 1982) where any direct radiation entering the 
snowpack has been effectively diffused due to multiple scattering within the upper 
few cm of the snowpack. 
 
The albedo of a snowpack is a function of solar zenith angle (Warren, 1984; 1986; 
Warren and Wiscombe, 1985), and the interaction of the direct component of solar 
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radiation with the snowpack is responsible for a solar zenith angle albedo dependency 
as detailed in Warren (1982).  The albedo measured under diffuse-only solar 
illumination (i.e. no direct radiation or solely isotropic radiation) is not dependent on 
solar zenith angle.  In the work presented here the albedos are reported for diffuse 
solar radiation to demonstrate the effect of increasing black carbon on snowpack 
albedo and not the effect of solar zenith angle on snowpack albedo.  Diffuse-only sky 
conditions (i.e. no direct solar radiation) are achieved with thick cloud as described 
previously.  The calculation of the e-folding depth is independent of the absolute 
values of irradiance incident to the snow surface and independent of the solar zenith 
angle of the solar irradiance, because the e-folding depth is the depth (normal to the 
surface) required to attenuate incident radiation to 37% (1/e) of the initial irradiance 
of a reference depth.  The e-folding depth is only measured in the asymptotic zone of 
the snowpack (i.e. below the top few cm) where all solar direct radiation has been 
converted to diffuse radiation by multiple scattering in the top few cm of snow.  The 
irradiances used in the calculation of the e-folding depth were recorded below the first 
10 cm.  Below a few cm, all radiation is isotropic (Lee-Taylor and Madronich, 2002) 
thus there can be no solar zenith angle dependence to e-folding depth (King and 
Simpson, 2001).  The e-folding depth is independent of the absolute values of 
irradiance incident on the snow surface as the e-folding depth is the decay constant 
for an exponential decrease in relative irradiance.  Depth-integrated production rates 
for the photolysis of H
2
O
2
 and NO
3
!
 (R2b.3 and R2b.1, found in Chapter 2b) were 
calculated for clear skies at four solar zenith angles: 60°, 69°, 75°, 86°.  The Earth-
Sun distance and ozone column were based on the date of field measurement for each 
snowpack (Table 1), and there was no atmospheric aerosol (the presence or absence of 
atmospheric aerosol will not effect the result of the calculation of e-folding depth or 
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diffuse albedo).  The asymmetry factor, g, used for snow was 0.89 and an under-snow 
ground albedo of 0.1 was used (Lee-Taylor and Madronich, 2002).  The value of 
under-snow albedo is not important in the work described here as the snowpack 
thickness is large enough (typical >3–5 e-folding depths) to ensure it is optically 
“semi-infinite” as demonstrated in France et al. (2010) and previously by Warren and 
Wiscombe (1980).  Aoki et al. (2000) investigated the difference for single scattering 
parameters (g) for snow grains between Mie theory and Henyey-Greenstein theory 
and noted that for Bi-direction Reflectance Distribution Function (BRDF) calculations 
at greater than 1.4 !m there was a difference, but for albedo and at wavelengths less 
than 1.4 !m the Mie theory parameters gave the same results as the Henyey-
Greenstein theory.  As stated in the method section, the inclusion of atmospheric 
aerosol to the radiative-transfer calculations will not effect the calculation of 
asymptotic e-folding depth or diffuse albedo.  However, exploratory calculations 
showed that the inclusion of an atmospheric aerosol profile described by Elterman 
(1968) reduces the photolysis coefficient for the photolysis of NO2 by ~10% at 5 cm 
depth in the snowpack.  Previous work by my research group (Fisher et al., 2005; 
France et al., 2007; 2010; 2011a; 2011b; King et al., 2005) have neglected 
atmospheric aerosol column and the work presented here is consistent with that work.   
 
The optical properties of the snowpack may be characterised by wavelength 
dependent scattering and absorption cross-sections (Lee-Taylor and Madronich, 
2002).  The absorption cross-section, !
abs
, is the sum of light absorption owing to 
water-ice, !
abs
ice
, and absorption owing to all light-absorbing species in the snowpack, 
!
abs
+
; for the study presented here, all absorption by light-absorbing species in the 
snowpack is due to black carbon.  The absorption cross-section of ice used was taken 
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from Warren and Brandt (2008) and is plotted in Figure 2b.2 (found in Chapter 2b).  
The ice absorption cross-section is not well known in the wavelength region of 200–
400 nm.  Warren and Brandt (2008) noted the imaginary part of the refractive index 
of ice is effectively no different from zero (below 2 ! 10-11) in this wavelength region 
and therefore the value of the ice absorption cross-section used in this work is a 
linearly interpolated value between values for wavelengths of 200–400 nm. 
 
The absorption cross-section used for the black carbon particle is reproduced in 
Figure 2b.2 (found in Chapter 2b).  Details of the calculation can be found in Warren 
and Wiscombe (1980; 1985) but briefly the black carbon particles were assumed to be 
spheres of radius 0.1 !m, with a density of 1 g cm
-3
 and a complex refractive index of 
1.8–0.5i.  The uncertainty in these properties will be discussed later.  The calculated 
absorption cross-section for black carbon agrees well with the measured black carbon 
absorption cross-section from Bond and Bergstrom (2006), as shown in Chapter 2b 
(Figure 2b.5).  Albedo and e-folding depths were calculated at many wavelengths but 
reported at seven discrete wavelengths: 300, 350, 400, 450, 500, 550 and 600 nm 
whilst photolysis rate coefficients were calculated per 1 nm over 290–600 nm.  The 
albedo, e-folding depth and photolysis rate coefficients for reactions 2b.1 and 2b.3 
were calculated with mass ratios of black carbon in snow of 1, 2, 4, 8, 16, 32, 64, 128, 
256, 512 and 1024 ng g
-1
.  The mass ratios of black carbon bracket the values found 
experimentally (Doherty et al., 2010).  Details of the individual Earth-Sun distances, 
ozone columns and values of scattering coefficient, !
scatt
, are presented in Table 2c.1.  
To demonstrate the accuracy of the radiative-transfer method described above, the 
albedo and e-folding depth were calculated for a Barrow snowpack described in 
France et al. (2012).  Figure 2c.3 demonstrates a measured nadir reflectivity and e-
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folding depth, and a sample model fit to the measurements using scattering cross-
sections from Table 2c.1 and absorption cross-sections in France et al. (2012).  
Reproducing snow reflectivity and e-folding depth simultaneously is a rigorous test of 
the method as there are less parameters (more constrained) than fitting simply albedo 
(e.g. Jacobson, 2004). 
 
 
Figure 2c.3.  Light penetration depth and reflectance measured for the hard snowpack during the 
Barrow OASIS campaign (France et al., 2012) compared to modelled light penetration depth and 
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reflectance using TUV-snow (Lee-Taylor and Madronich, 2002), with wavelength variable snow 
optical properties (!
abs
+
 and !
scatt
) and a snowpack density of 0.39 g cm
-3
. 
 
2c.3.1.3 Depth-Integrated Production Rate Calculations 
Detailed descriptions for the calculation of photolysis rate coefficients, J, and depth-
integrated production rates are found in chapter 2b.  Briefly, photolysis rate 
coefficients, J, for reactions (R2b.1) and (R2b.3) were calculated using, 
 
J = ! (",T
"=290nm
"=600nm
# )$(",T)I(%,")d"   (E2c.1),  
  
 where !  is the absorption cross-section for NO
3
!
 or H
2
O
2
taken from Chu and Anastasio (2003; 
2005) respectively, !  is quantum yield (0.71 for H2O2  and 0.34 ! 10
-3
 for NO
3
!
) with values adjusted 
for temperature (T = 263 K) taken from Chu and Anastasio (2003; 2005) respectively;  I is the 
spherical irradiance, ‘actinic flux’, calculated using TUV-snow (Lee-Taylor and Madronich, 2002) 
within the snowpack, T is the snow temperature, " is the wavelength and # is the solar zenith angle. 
 
Warren and Wiscombe (1980) note that the diffuse albedo for snowpacks is very 
similar to the direct albedo at a solar zenith angle of ~60˚.   Thus, to a first 
approximation, the photolysis rate coefficient calculated at a solar zenith angle of 60˚ 
may be taken as representative of diffuse-only sky conditions (i.e. no direct solar 
beam).  Depth-integrated production rates, F, of NO2 and OH radicals were calculated 
using equation (E2c.2) 
 
F = x[ ] J dz
z=0m
z=1m
!    (E2c.2)  
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where z is the depth into the snowpack and x[ ]  is the concentration of NO3
!
 or H
2
O
2
: 3.9 !mol l
-1
 (Jacobi et al., 2012) and 0.4 !mol l
-1
 (Beine et al., 2011) respectively.  
A depth-integrated production rate of NO2 may be considered equal to a potential 
molecular flux of photolytically produced NO2 from the snowpack to the atmosphere 
in the absence of secondary reactions, photolysis or any impediment by the crystal 
matrix.  Hydroxyl radicals are very reactive and have a very short lifetime thus they 
are not considered to advect from the snowpack. 
 
Equation (2c.3) assumes a depth-independent concentration of hydrogen peroxide or 
nitrate.  France et al. (2007) demonstrated depth independence of a chromophore to 
be a reasonable approximation for the type of work described here.  The 
concentration-depth dependence of a chromophore tends to decrease over an order of 
magnitude with snow depth compared to light irradiance in the snowpack which will 
decrease over many orders of magnitude over the same snow depth. Thus 
concentration-depth dependence of a chromophore does not have a significant effect 
when determining depth-integrated production rates from snowpack.  France et al. 
(2007) demonstrated the depth-integrated production rate of hydroxyl radical from the 
South Pole snowpit varied by 3–5% when considering depth-dependent chromophore 
concentrations or constant chromophore concentrations. 
 
2c.4  Results 
The effects (and parameterisation of the effects) of black carbon mass ratio in the 
snow on e-folding depth, albedo and depth-integrated production rates (summarized 
in Tables 2c.3, 2c.4 and 2c.6) will be considered individually: 
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2c.4.1 Effect of black carbon on light penetration depth (e-folding depth) 
Light penetration depths (e-folding depths) versus black carbon mass ratio have been 
plotted for the four snowpacks in Figure 2c.4.   
 
Figure 2c.4. Light penetration depths (e-folding depths) for four snowpacks plotted versus black 
carbon mass ratio for solar wavelengths of 300, 350, 400, 450, 500, 550 and 600 nm under diffuse sky 
conditions (nominal solar zenith angle of 69º). 
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The variation of e-folding depth with black carbon is not trivial and has two regimes 
dependent on black carbon mass ratio:  If the mass ratio of black carbon is less than 
~20 ng g
-1
 the absorption of solar radiation in the snowpack is dominated by ice and 
the e-folding depth develops a different wavelength dependence for each of the 
wavelengths of 450–600 nm relative to the e-folding depths at larger (>20 ng g
-1
) 
black carbon mass ratios.  The wavelength dependence of e-folding depths (for 
wavelengths 450–600 nm at black carbon mass ratios below 20 ng g
-1
) is due to the 
absorption cross-section of ice, !
ice
, increasing quickly with wavelength over the 
range 450–600 nm, as shown in Figure 2b.2 (found in Chapter 2b).  In the second 
regime, black carbon mass ratio is greater than ~20 ng g
-1
, and the absorption of solar 
radiation in the snowpack is dominated by black carbon (Figure 2c.4 and 2c.5).  The 
response of e-folding depth to increasing black carbon mass ratio becomes less 
wavelength dependent.  The variation of the absorption cross-section of black carbon, 
, with wavelength is small relative to ice and decreases from 300 nm to 1000 nm, 
i.e. opposite behaviour to the absorption cross-section of ice with wavelength (Figure 
2b.2 (found in Chapter 2b)).  It should be noted that for wavelengths less than 500 nm 
the transition between ice and black carbon dominated absorption is closer to 10 ng g
-
1
. 
 
!
abs
+
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Figure 2c.5.  e-folding depth vs wavelength for black carbon mass ratios of 1, 2, 4, 8, 16, 32, 64, 128, 
256, 512, 1024 for the hard snowpack.  The dashed lines represent black carbon mass ratios >20 ng g
-1
, 
the solid lines represent black carbon mass ratios <20 ng g
-1
 and the dotted line represents a change in 
regime for wavelengths <450 nm.   
 
For mass ratios of black carbon greater than 10-20 ng g
-1
 (depending on wavelength), 
the variation of e-folding depth with respect to black carbon obeys a simple power 
law, equation (2c.4) (as shown in Figure 2c.4).  Equation 2c.4 is empirically derived. 
 
e-folding depth = ! black carbon[ ]
"#
   (E2c.3) 
 
The data in Figure 2c.4 are fitted to equation (E2c.3) for each wavelength.  The values 
of ! and " are displayed in Table 2c.2 along with the range of black carbon mass ratio 
over which the power law is valid.  The power law is not valid over the whole range 
of black carbon considered.  For all snowpacks the exponent, #", in equation (E2c.3) 
is approximately #0.5 thus a doubling of the black carbon mass ratio (above 10-20 ng 
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g
-1
) will reduce the light penetration depth to ~70% of its initial value.  For the inland 
snow, a doubling of black carbon mass ratio will reduce light penetration depth to 
~73%.  All values have an error of 1 standard deviation from the fit of the power law. 
 
Snow Type Wavelength / nm !  / cm ng" g#" -"  [Black Carbon] 
Range / ng g
-1
 
300 89.1 ± 0.911 0.489 ± 0.00353 8-512 
350 96.2 ± 1.36 0.485 ± 0.00487 8-512 
400 100 ± 1.63 0.482 ± 0.00562 8-512 
450 98.8 ± 1.79 0.479 ± 0.00624 8-512 
500 92.3 ± 1.5 0.480 ± 0.0046 16-512 
550 81.2 ± 2.28 0.467 ± 0.00675 32-512 
Hard 
600 55.8 ± 2.94 0.406 ± 0.0125 32-512 
300 106 ± 2.29 0.477 ± 0.00737 8-512 
350 102 ± 1.79 0.481 ± 0.00602 8-512 
400 86.0 ± 2.05 0.462 ± 0.0102 8-512 
450 99.1 ± 1.85 0.479 ± 0.00642 8-512 
500 95.9 ± 1.66 0.480 ± 0.0049 16-512 
550 80.1 ± 2.26 0.467 ± 0.00679 32-512 
Soft 
600 53.7 ± 2.81 0.431 ± 0.0124 32-512 
300 88.6 ± 0.911 0.489 ± 0.00356 8-512 
350 94.3 ± 1.19 0.487 ± 0.00435 8-512 
400 95.7 ± 1.25 0.487 ± 0.00449 8-512 
450 96.0 ± 1.59 0.481 ± 0.00569 8-512 
500 85.1 ± 2.27 0.459 ± 0.00904 8-512 
550 71.0 ± 2.75 0.443 ± 0.0108 16-512 
Snow on sea-ice 
600 55.1 ± 2.87 0.431 ± 0.0124 32-512 
300 126 ± 5.53 0.446 ± 0.0146 8-512 
350 123 ± 4.7 0.453 ± 0.0129 8-512 
400 135 ± 2.53 0.485 ± 0.00531 16-512 
450 121 ± 1.67 0.489 ± 0.00392 16-512 
500 106 ± 2.11 0.478 ± 0.0056 16-512 
550 87.8 ± 2.43 0.466 ± 0.00666 32-512 
Inland 
600 65.9 ± 3.44 0.431 ± 0.0124 32-512 
Table 2c.2.  Power law coefficients for relating e-folding depth, $, to black carbon mass ratio, i.e. 
! = "[black carbon]#$ , for black carbon mass ratios greater than 20 ng g-1. 
 
2c.4.2 Effect of black carbon mass ratio on albedo 
Figure 2c.6 plots decreasing albedo with increasing black carbon mass ratio under 
diffuse sky conditions.  Albedo can be defined as the ratio of upwelling irradiance to 
downwelling irradiance. 
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Figure 2c.6. Albedos i.e. ratio of upwelling and downwelling irradiance, for four snowpacks plotted 
versus black carbon mass ratio for light wavelengths of 300, 350, 400, 450, 500, 550 and 600 nm under 
diffuse sky conditions (nominal solar zenith angle of 69º). 
 
Each snowpack albedo responds slightly differently to increased black carbon mass 
ratios.  Large decreases of the albedo for increasing black carbon mass ratio are noted 
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for the inland snowpack and the soft snowpack but the albedo response for each 
wavelength is different, as demonstrated in Figure 2c.6.  As the black carbon mass 
ratio increases the wavelength dependence of the albedo reverses as the absorption of 
light within the snowpack is influenced more by black carbon and less by water-ice.  
The relationship in equation (VII) is not valid for albedo.  The decrease or increase in 
albedo for doubling or halving the mass ratio of black carbon around 32 ng g
-1
 is 
contained in Table 2c.3 and is approximately 2–3 %.  The black carbon absorption 
spectrum used in this study (Figure 2b.2 (found in Chapter 2b)) decreases steadily 
from 350 nm to 600 nm, but with less and opposite gradient to the variation of water-
ice with wavelength which generally increases from 400 nm to 600 nm. 
 
Snow Type Albedo([Black Carbon]=32 ng g!1)
Albedo([Black Carbon]=64 ng g!1)
 
Albedo([Black Carbon]=32 ng g!1)
Albedo([Black Carbon]=16 ng g!1)  
Hard 1.033 0.978 
Soft 1.033 0.978 
Snow on sea-ice 1.031 0.979 
Inland 1.033 0.978 
Halving black carbon mass ratio from 64 to 32 ng g
-1
 increases albedo by 3%.  Doubling black carbon mass ratio 
from 16 to 32 ng g
-1
 decreases albedo by 2%. 
Table 2c.3.  Relative changes in albedo with increasing and decreasing black carbon mass ratios, 
considering values typically found in Barrow snowpack (France et al., 2012). 
 
2c.4.3 The effect of black carbon mass ratio on snowpack photochemistry 
Figures 2c.7 and 2c.8 plot the variation in depth-integrated production rates for NO2, 
F(NO2), and OH radicals, F(OH), respectively, as a function of black carbon mass 
ratio.  The dependence of F(NO2) and F(OH) on the mass ratio of black carbon 
matches the behaviour shown in Figure 2c.4 for the light penetration depths, with ice 
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dominated absorption below 20 ng g
-1
 and black carbon dominated absorption above 
20 ng g
-1
.   
 
Figure 2c.7. Depth-integrated production rates of NO2, F(NO2), versus black carbon mass ratio for the 
four snowpacks from the Barrow OASIS campaign.  The depth-integrated production rates were 
calculated with a NO
3
-
 concentration of 3.9 !mol l
-1
 (Jacobi et al., 2012) and at solar zenith angles of 
60º, 69°, 75° and 86° under clear sky conditions.  Note that all axes are plotted on a logarithmic scale. 
!"#$%&'()*+(,"&(&--&*%(.-(*"#/01/0(23#*4(*#'2./(*./%&/%(
( 567(
The variation of F(NO2) and F(OH) with black carbon was fitted to the power law in 
equation (VII) and the values of ! and " are in Table 2c.4.  Note the value of #" for 
all snowpack with black carbon mass ratios greater than 16 ng g
-1
 and a solar zenith 
angle of greater than 60° is ~#0.5 for F(NO2) and ~#0.6 for F(OH).  Thus, a doubling 
of snowpack black carbon mass ratio will reduce F(NO2) and F(OH) to ~70% and 
~65% of initial values respectively.  It is worth noting that F(OH) decreases “quicker” 
than F(NO2) as $%F for F(OH) peaks at a shorter wavelength than F(NO2) and 
!
"=300nm
< !
"=320nm
.
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F(NO2)  F(OH) Snow Type Solar Zenith 
Angle / º !   
/ cm g ng 
-1
 
-"  [Black Carbon] 
Range 
/ng g
-1
 
 !  
/cm g ng
-1
 
-"  [Black Carbon] 
Range 
/ng g
-1
 
60 191 ± 9.39 0.497 ± 0.01 16-512  1650 ± 39.7 0.591 ± 0.01 16-512 
69 100 ± 4.93 0.497 ± 0.01 16-512  923 ± 22.6 0.591 ± 0.01 16-512 
75 54.8 ± 2.71 0.497 ± 0.01 16-512  541 ± 13.5 0.591 ± 0.01 16-512 
Hard 
86 7.64 ± 0.38 0.495 ± 0.01 16-512  94.6 ± 2.4 0.591 ± 0.01 16-512 
60 197 ± 12 0.496 ± 0.02 16-512  18900 ± 84.5 0.592 ± 0.01 16-512 
69 102 ± 6.2 0.497 ± 0.02 16-512  1030 ± 42.6 0.592 ± 0.01 16-512 
75 55.5 ± 3.35 0.497 ± 0.02 16-512  601. ± 26 0.592 ± 0.01 16-512 
Soft 
86 7.54 ± 0.443 0.498 ± 0.02 16-512  89.2 ± 2.33 0.593 ± 0.01 16-512 
60 140 ± 6.93 0.500 ± 0.01 16-512  1550 ± 38 0.593 ± 0.01 16-512 
69 73.0 ± 3.64 0.500 ± 0.01 16-512  868. ± 21.6 0.593 ± 0.01 16-512 
75 40.0 ± 2 0.500 ± 0.01 16-512  509. ± 12.9 0.593 ± 0.01 16-512 
Snow on  
sea-ice 
86 5.56 ± 0.28 0.500 ± 0.01 16-512  103 ± 4.13 0.593 ± 0.01 16-512 
60 135 ± 10.2 0.512 ± 0.02 32-512  1850 ± 118 0.612 ± 0.02 32-512 
69 69.5 ± 5.05 0.512 ± 0.02 32-512  1020 ± 60 0.613 ± 0.02 32-512 
37.6 ± 2.66 0.513 ± 0.02 32-512  589 ± 33.6 0.614 ± 0.01 32-512 
Inland 
75 
86 5.11 ± 0.351 0.514 ± 0.02 32-512  101. ± 5.45 0.614 ± 0.01 32-512 
Table 2c.4.  Power law coefficients for relating F(NO2) and F(OH) to black carbon mass ratio, i.e. ! = "[black carbon]
#$
, for black carbon mass ratios greater than 20 ng 
g
-1
 and solar zenith angles greater than 60°. 
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Figure 2c.8. Depth-integrated production rates of OH radicals, F(OH), from the photolysis of hydrogen 
peroxide in the snowpack for the four snowpacks from the Barrow OASIS campaign.  The depth-
integrated production rates are calculated with an H
2
O
2
 melted concentration of 0.4 !mol l-1 (Beine et 
al., 2011) and at solar zenith angles of 60º, 69°, 75° and 86° under clear sky conditions.  Note that all 
axes are plotted on a logarithmic scale. 
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The decrease in depth-integrated production rates of OH radicals, F(OH), and NO2, 
F(NO2) with increasing black carbon mass ratios were calculated for the four 
snowpacks at four different solar zenith angles (Figures 2c.7 and 2c.8).  The black 
carbon mass ratios used in the calculations were between 1–1024 ng g-1, a range that 
encompasses the present-day black carbon mass ratios of the Barrow snowpack but 
also with higher and lower mass ratios to assess how increasing/decreasing black 
carbon mass ratio will affect snowpack photochemistry.  Depth-integrated photolytic 
production rates reported in chapter 2b are the actual values calculated for the OASIS 
2009 campaign as absorption by both HULIS and black carbon is considered.  The 
study presented here considers only black carbon absorption (the strongest absorber 
among aerosol carbonaceous constituents (Hoffer et al., 2006)) to assess how varying 
black carbon mass ratios will affect the photochemical production rates of snowpacks. 
 
2c.5 Discussion 
The discussion will focus on the following aspects of the work: the identity of the 
light-absorbing snowpack impurity, the absorption spectrum of black carbon and the 
effect of black carbon mass ratio on snowpack e-folding depth, albedo and snowpack 
photochemistry. 
 
2c.5.1 Identity of the light-absorbing impurity 
The main sources of organic carbon to the atmosphere and to snowpack are 
anthropogenic activities and biomass burning (e.g. Hegg et al., 2009; Goldberg, 1985; 
McConnell et al., 2007), the optical parameters of organic carbon from biomass 
burning aerosols have been reported by Kirchstetter et al. (2004).  Brown carbon, 
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which includes HULIS (Humic Like Substances), is highly abundant yet a weaker 
absorber of visible light than black carbon which has the highest absorption cross-
section among carbonaceous constituents of aerosols and therefore contributes 
significantly to atmospheric absorption by aerosols (e.g. Hoffer et al., 2006).  Chapter 
2b demonstrated that black carbon alone could not account for all the absorption seen 
in the four Barrow snowpacks and an additional absorption by HULIS and other 
chromophores was necessary to explain variation of the cross-section of light-
absorbing impurities in snowpack, !
abs
+ , with wavelength.  It is important to note the 
effect of increased absorption due to impurities within the snowpack upon snowpack 
photochemistry, e-folding depth and albedo, especially black carbon as it is produced 
mainly by anthropogenic activity and therefore black carbon emissions are likely to 
be regulated or change in future.  In the work presented here all absorption within the 
snowpack was attributed to black carbon for simplicity.  However, the results of 
Figures 2c.7 and 2c.8 may be adjusted for another light-absorbing impurity (or a 
change in the properties of the black carbon particle) without repeating the radiative-
transfer calculations, using E2c.4.   
 
[HULIS] = [BC]!
wavelength dependent black carbon absorption
wavelength dependent HULIS absorption
"
#$
%
&'
 (E2c.4) 
 
The mass ratio of black carbon may be converted to a specific absorption by 
snowpack light-absorbing impurities (i.e. !
abs
+ ) by multiplying values on the ordinate 
of Figures 2c.7 and 2c.8 with the absorption cross-section of black carbon (at the 
correct wavelength) in Figure 2b.2 (found in Chapter 2b).  Dividing the specific 
absorption (!
abs
+ ) by the cross-section of the new absorber, such as HULIS (Figure 
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2c.9), at the correct wavelength will allow the albedo and e-folding depth to be 
reported as a function of mass ratios of the new absorber (Figures 2c.10 and 2c.11).   
 
Figure 2c.9.  HULIS absorption spectrum.  The absorption cross-section is taken from the median 
value of the envelope given in Figure 5, Hoffer et al. (2006). 
 
Figure 2c.10.  e-folding depths for hard snowpack plotted versus HULIS concentrations for light 
wavelengths of 350, 400, 450, 500, 550 and 600 nm under diffuse sky conditions (nominal solar zenith 
angle of 69°). 
 
!"#$%&'()*+(,"&(&--&*%(.-(*"#/01/0(23#*4(*#'2./(*./%&/%(
( 567(
 
Figure 2c.11.  Albedo for hard snowpack plotted versus HULIS concentrations for light wavelengths 
of 350, 400, 450, 500, 550 and 600 nm under diffuse sky conditions (nominal solar zenith angle of 
69°). 
 
2c.5.2 Black carbon absorption spectrum 
For the work described here, a proxy for black carbon in snow was adopted from the 
literature (e.g. Bohren, 1986; Roessler and Faxvog, 1980; Warren and Wiscombe, 
1980; 1985).  It is useful to understand the sources of uncertainty that are introduced 
by adopting this proxy for black carbon in snow.  The values of the index of refraction 
of the black carbon, size and location of the black carbon particle relative to the snow 
crystal/grain are the major sources of uncertainty on the calculation of the black 
carbon absorption cross-section.  Bohren (1986) gives an excellent critique of the 
black carbon uncertainties of Warren and Wiscombe (1980) and Wiscombe and 
Warren (1980).  A black carbon particle internal to the snow grain increases the 
absorption cross-section of the black carbon particle by a factor of 1.4 relative to the 
black carbon particle external to the snow grain (Bohren, 1986).  In the work 
presented here, it was assumed that the black carbon has been deposited external to 
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the snowpack i.e. the black carbon was rimed onto the snow during snowfall or 
collected on the snowpack by atmospheric deposition or windpumping at a later date.  
Chylek et al. (1983) considered the effect on snow albedo of adding black carbon 
throughout the snow grain using a very similar radiative-transfer model to Warren and 
Wiscombe (1980) to calculate snow albedo.  Chylek et al. (1983) found that values of 
black carbon deduced from their radiative-transfer model agreed well with 
measurements.  It is not clear if black carbon should be modelled as internal or 
external to the snow grain and the study described here has taken the majority view 
i.e. external.   A more detailed discussion can be found in Chylek et al. (1983).  The 
imaginary index of refraction, and therefore the absorption spectrum, of different 
types of black carbon spans a factor of 5 (e.g. Roessler and Faxvog, 1980; Bohren, 
1986) depending on the method of black carbon production.  Chapter 2b (Figure 2b.5) 
demonstrated that the black carbon absorption spectra in Figure 2b.2 (found in 
Chapter 2b) is consistent with experimental measurements taken from the review of 
Bond and Bergstrom (2006).  The third uncertainty is the shape of the black carbon 
particles and to remain consistent with previous works (e.g. France et al, 2011a; 
Warren and Wiscombe, 1980; 1985) a spherical black carbon particle was used.  
Bohren (1986) has shown that a needle or disk shape increases the absorption cross-
section by a factor of 1.48 and 2.1 relative to the sphere using the equations shown in 
E2c.5.  Comprehensive arguments by Bohren (1986) and Warren and Wiscombe 
(1980; 1985) justify the choice of black carbon properties used in this study.   
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  (E2c.5) 
where v is the volume of a particle, ! is its dielectric function relative to that of the surrounding 
medium (in air, !=2.99+i1.8) and k is the wavenumber of the incident light. Taken from Bohren and 
Huffman (1983), p.350. 
 
Fieldwork investigating black carbon in snow (Table 2c.5) show that the mass ratio 
values of black carbon chosen in this work are reasonable.   
 
Study Black carbon mass ratio range /ng g
-1
 
Hegg et al.  (2009) 0-40 
Clarke and Noone (1985) 0.06-12.22 
Doherty et al. (2010) 2-50 
Ming et al. (2009) 5-981 
Huang et al. (2011) 50-1000 
Voisin et al. (2012) 2-17 
France et al. (2012) and Chapter 
2b 
41-90 
Table 2c.5.  Range of black carbon mass ratios found through fieldwork by previous studies. 
  
Jacobson (2004), Qian et al. (2009), Wang et al. (2011), Warren (1984; 1985) and 
Warren and Wiscombe (1980) have all investigated the effect of black carbon on 
albedo.  The study presented here is different because it takes into account real 
snowpacks characterised both by light penetration depth and albedo, reports the 
effects of black carbon mass ratio on light penetration depth, albedo and 
!"#$%&'()*+(,"&(&--&*%(.-(*"#/01/0(23#*4(*#'2./(*./%&/%(
( 567(
photochemical fluxes and the snow was not altered by measurement.  Atmospheric 
deposition of black carbon to snowpack would (a) give a distribution of black carbon 
particle sizes from different sources and (b) give a distribution of different complex 
index of refractions from different sources.  The work presented here has not 
considered such distributions and the reader could use the data plotted in Figures 3 
and 4 to recalculate the effect on e-folding depth, albedo and depth-integrated 
production rates by different sized black carbon particles and a weighted sum of the 
distribution of absorption cross-sections corresponding to a distribution of particle 
size.  The size distribution of black carbon particles in snow is not presently known. 
 
2c.5.3 Effect of black carbon mass ratio on snowpack penetration depth 
To the author’s knowledge, there has been no systematic quantitative study on the 
effect of increasing black carbon mass ratios on e-folding depths in snowpacks.  Table 
2c.6 contains a survey of the previous light penetration depth measurements, their 
scattering and absorption cross-section as modelled by TUV-snow and the predicted 
e-folding depth using these cross-sections.  Values of e-folding depth are reported for 
a wavelength of 400 nm.   
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e-folding depth  
/ cm (!=400 nm) 
Study Snow Description 
measured predicted 
 
!
scatt
 
/ m
2
 kg
-1 
 
/ cm
2
 kg
-1
 
Grenfell and 
Maykut (1977) 
Arctic summer, dry 
snow 
 
Arctic summer, melting 
snow 
 
2.4 
 
 
5.3 
2.3 
 
 
5.4 
6.4 
 
 
1.1 
7.3 
 
 
7.8 
King and 
Simpson (2001) 
Arctic Spring, 
windblown 
 
1.3 1.3 25-30 4-5 
Beaglehole et 
al. (1998) 
Coastal Antarctic 
snowdrift, summer 
 
6.6a 6.2 7 ~0.4 
Beine et al. 
(2006) 
Antarctic coastal hard 
windpack 
 
Antarctic coastal soft 
windpack 
 
Antarctic coastal recent 
windblown 
 
Antarctic coastal 
precipitation 
 
17b 
 
 
 
3.3 
 
 
 
4.5 
 
 
 
15 
17.3 
 
 
 
3.5 
 
 
 
4.3 
 
 
 
14.8 
1.3 
 
 
 
6.3 
 
 
 
3.7 
 
 
 
4.3 
4.3 
 
 
 
24 
 
 
 
37 
 
 
 
17 
Fisher et al. 
(2005) 
Midlatitude maritime 
windslab, melting 
 
Midlatitude maritime 
windslab, dry 
13.9 
 
 
 
 
13.3 
- 
 
 
 
 
- 
1 
 
 
 
 
2–5 
1 
 
 
 
 
1–2 
France et al. 
(2010) 
Fresh  
Ny-Ålesund snowpack 
 
Melting  
Ny-Ålesund snowpack 
6 
 
 
 
9.9 
5.7 
 
 
 
9.7 
16.7 
 
 
 
0.8 
2.7 
 
 
 
19.8 
This study Hard snowpack 
 
Soft snowpack 
 
Inland snowpack 
 
Snow on sea-ice 
9.9 
 
9.4 
 
14.8 
 
9.4 
6.7 
 
7.7 
 
12.3 
 
7.5 
1.7 
 
2.0 
 
1.7 
 
1.8 
11 
 
11 
 
9 
 
15 
a
 
 
!
abs
+
and 
 
!
scatt
values suggest that Lee-Taylor and Madronich [2002] interpreted the data in Beaglehole et al. 
[1998] as liquid equivalent e-folding depth in contrast to King and Simpson [2001] who interpret the e-folding data 
in Beaglehole et al. [1998] as not corrected for density. 
b in the original paper e-folding depth was incorrectly reported. Details of this snowpack can be found in France 
[2008]. 
Table 2c.6.  Comparison of measured and predicted/modelled e-folding depths in snow and optical 
constants. 
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Figure 2c.3 shows the e-folding depth measured for the hard windpack in Barrow and 
the predicted e-folding depth using the model.  The agreement between modelled and 
measured light penetration depths gives confidence to the method described in the 
work presented here.  In the study presented here it was assumed the black carbon was 
uniformly mixed within the snowpack but the effect of layered snow containing 
different mass ratios of black carbon in different layers is possible.  Preliminary field 
and modelling work on layered windpacks does not demonstrate any need to consider 
different black carbon mass ratios in different wind packed layers (France et al., 
2011a).  Table 1 shows that all the snowpacks studied for work presented here have 
been re-worked by wind events and therefore the mass ratios of particles are assumed 
to be well-mixed in the top layers of the snowpack, thus, a constant black carbon mass 
ratio with depth is assumed.  Owing to the close proximity of our study sites to human 
activity in Barrow, Alaska the regional black carbon concentrations given by Doherty 
et al. (2010) may not be representative of the black carbon mass ratio in snow found 
around Barrow; ~70 ng g-1 of black carbon was found in both the hard and the soft 
snowpacks, ~41 ng g-1 was found in the inland snowpack and ~90 ng g-1 was found in 
the snow on sea-ice (Chapter 2b; France et al., 2012).  The snow measured by 
Doherty et al. (2010) had recently fallen and therefore could be considered ‘pristine’ 
in comparison to the re-worked snow measurements (more typical snow surrounding 
Barrow) presented here, thus it may be better to consider the black carbon mass ratios 
in Barrow akin to that of Eastern Russia; mean Cequiv
BC values of (65 ± 44) ng g-1 
(Doherty et al., 2010).  
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2c.5.4 Effect of black carbon mass ratio on albedo 
The amount of black carbon in snow controls the albedo and just a small fraction of 
black carbon, i.e. 5 ! 10-8 ng g-1, increases the imaginary part of the refractive index 
by more than a factor of 10 (Chylek et al., 1983).  There have been many modelling 
studies into the effect of black carbon mass ratio on albedo (e.g. Jacobson, 2004; 
Qian, 2009; Wang, 2011; Warren, 1984; 1985; Warren and Wiscombe, 1980) that 
have mainly dealt with hypothetical snowpacks and the study presented here, in 
contrast, uses measurements on real snowpack that were part of a wider field 
campaign and plots albedo versus black carbon mass ratio for a specific wavelength.  
Figure 2c.6 shows that even similar snowpacks will respond differently to black 
carbon mass ratio changes. 
 
2c.5.5 The effect of black carbon mass ratio on snowpack photochemistry and 
future outlook 
Lee-Taylor and Madronich (2002) produced a very useful plot to calculate 
J(NO
3
-
! )dz / J(NO2 ") , i.e. the depth-integrated photolysis rate constant of nitrate 
photolysis relative to the surface photolysis coefficient for gaseous nitrogen dioxide, 
calculated for downwelling irradiance only, (which is frequently measured for field 
campaigns) as a function of snow albedo, e-folding depth or !
abs
+ .  It is not possible to 
use Figure 5 in Lee-Taylor and Madronich (2002) to generate the figures (Figures 
2c.5 and 2c.7) presented in this work as albedo and e-folding depth are also a function 
of black carbon.  As shown in Figures 2c.5 and 2c.7, albedo and e-folding depth are 
sensitive functions of black carbon mass ratio and thus cannot be used to constrain a 
value of J(NO3
!
" )dz / J(NO2 #) from Lee-Taylor and Madronich (2002).  The work of 
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Figure 5 in Lee-Taylor and Madronich (2002) is an excellent resource for field 
workers who may have measurements of albedo, e-folding depth and J(NO2 !)  and 
want to estimate J(NO3
!
" )dz  whereas the work presented here demonstrates how the 
albedo, e-folding depth and depth-integration photolysis coefficients of reactions 
(2b.1) and (2b.3) respond to increasing or decreasing black carbon mass ratios for 
snowpacks characterised in Barrow, Alaska in Spring. 
 
Inspection of Table 2c.4 demonstrates that for solar zenith angles greater than 60° and 
black carbon mass ratios greater than 20 ng g-1, the depth-integrated production rate of 
NO2 production from snow approximately follows the inverse square-root of the mass 
ratio of black carbon (i.e. F(NO2 )!
1
[black carbon]
).  The depth-integrated 
production rate of OH radicals is similar but the power is closer to 0.6 (
F(NO
2
)!
1
[black carbon]
0.6
).  Such a simple approximate relationship can be used to 
estimate depth-integrated production rate response to increasing or decreasing black 
carbon scenarios for black carbon mass ratios greater than 20 ng g-1 i.e. doubling the 
black carbon in snow would reduce the depth-integrated production rates of NO2 and 
OH radicals to ~70% and ~65% of their initial values. 
 
As stated by Hansen et al. (2000), assessing climate forcing with consideration to 
changes in atmospheric aerosol (and thus its deposition) is a “wild card”.    Future 
trends of black carbon mass ratios within snow are difficult to predict as the main 
controls are anthropogenic processes that produce black carbon.  Black carbon mass 
ratios in snow have varied significantly during the past 215 years, gradually rising 
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towards the mid 1800’s until industrialisation caused a sharp increase in black carbon 
mass ratios (McConnell, 2007).  For around 50 years, after 1900, the seasonal 
variability of black carbon mass ratios lessened as winter mass ratios matched the 
normally higher summer mass ratios but in the late 20th Century black carbon mass 
ratios once again became seasonal (McConnell, 2007).  Ice cores from Greenland 
show that by 2000, black carbon mass ratios in snow/ice equalled the pre-industrial 
mass ratio of 1–2 ng g-1 in clean snowpack regions (Doherty et al., 2010).  Doherty et 
al. (2010) reported no increase in the black carbon mass ratios of Arctic snow since 
1984 so it may be unlikely that black carbon in Arctic snow is causing the rapid 
decline of Arctic sea-ice as the snow is currently less polluted than in the 1980’s.  
However, Flanner et al. (2009) does introduce the idea that black carbon in mid-
latitude snow may be contributing indirectly to melt Arctic sea-ice by enhancing 
warm-air advection into the Arctic (Doherty et al., 2010).  Rosen et al. (1981) show 
that aerosol at Barrow, Alaska has a large increase in black carbon during winter to 
spring, the black carbon levels are almost as high as those found in urban areas.  
During February, the mass ratio of graphitic carbon is almost 40% of the 
carbonaceous mass (Rosen et al., 1981).  Sharma et al. (2006) and Garrett et al. 
(2011) highlight the seasonal variations of black carbon found in Barrow and indicate 
that the high black carbon mass ratios seen in winter and spring are due to long-range 
transport of pollutants.  Black carbon removal is most efficient at warmer 
temperatures and higher humidities, thus a future warmer and wetter Arctic could be 
cleaner (Garrett et al., 2011).   
 
Hansen et al. (2000) suggest it should be easy to reduce black carbon emissions at 
fossil fuel power plants and Figures 2c.7 and 2c.8 show that a decrease in black 
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carbon will cause an increase in depth-integrated production rates of OH and NO2 in 
snow at all studied solar zenith angles.  Increased depth-integrated production rates of 
OH radicals and NO2 molecules will increase the oxidative capacity of the snowpack 
and the atmospheric boundary layer above (e.g. Jones et al., 2001).  Bond and Sun 
(2005) take an opposing view to Hansen et al. (2000) stating that reducing black 
carbon cannot redress global warming because it has a different behaviour to 
greenhouse gases and thus may not diminish warming, it will be a costly process and 
the relevant emission sources are difficult to consign.   
 
An increase in black carbon mass ratios in the snow will decrease depth-integrated 
production rates of OH and NO2.  “Warmer” snowpacks may produce larger depth-
integrated production rates of OH radicals and NO2 (Fisher et al., 2005) and as black 
carbon in snow causes warmer snowpacks, a future warmer climate could have two 
effects on snow photochemistry:  Firstly, snow photochemistry may become 
important (larger molecular fluxes from snowpack) in a warming world owing to 
more photochemistry occurring in the warm snowpack and secondly, a warming 
climate may cause a loss of snowpack thus snow photochemistry will become less 
important due to less snow cover.  Thus a scenario may be envisaged where snow 
photochemistry may have a large effect on the oxidative potential of the overlying 
atmosphere but for a shorter duration. 
 
2c.6 Conclusions 
Increasing black carbon mass ratio in snow reduces albedo, e-folding depths and 
depth-integrated production rates of photochemically derived species in a complicated 
way.  For black carbon mass ratios typically measured in the snow, e-folding depth, 
albedo and depth-integrated production rates of OH and NO2 can switch from ice-
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dominated absorption to black carbon dominated absorption.  Light penetration depths 
and depth-integrated production rates (of NO2 and OH radicals) follow a power law 
relationship for black carbon mass ratios greater than 10 ng g-1 and solar zenith angles 
greater than 60°. 
 
The future is uncertain when considering the importance of photochemical production 
coefficients in snowpack owing to the dependence of black carbon production on 
human activity.  Black carbon amounts in snow are very closely linked to human 
activity and therefore the reduction or increase of depth-integrated production rates of 
OH and NO2 are linked to the increase or reduction of black carbon in the snow. 
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Chapter 3 
 
Light Penetration Depths and Albedos in Arctic, 
Antarctic and Mid-Latitude Snowpacks Owing to 
Varying Black Carbon Mass Ratios 
 
3.1 Introduction  
Snow in the Arctic Ocean is presently suffering large-scale contamination by 
black carbon from anthropogenic sources (Bond and Bergstrom, 2006; Bond et al, 
2004; Doherty et al., 2010; Hansen and Nazarenko, 2004; Highwood and 
Kinnersley, 2006; Koch and Hansen, 2005; Stohl, 2006; Shindell et al., 2008; 
Warren, 1984).  Burning fossil fuels adds CO2 to the atmosphere and also 
particulates, such as black carbon, which are the products of incomplete 
combustion (Browse et al., 2012).  The small black carbon particles are eventually 
scavenged from the atmosphere and incorporated into the Arctic snowpack 
(Baumgardner et al., 2008; Browse et al., 2012; Cooke and Wilson, 1996; 
Doherty et al., 2010; Flanner et al., 2007; Garrett et al., 2011; Grenfell et al., 
2002; 2011; Noone and Clarke, 1998; Rahn and McCaffrey., 1979; Stohl et al., 
2006; Warren and Wiscombe, 1985).  The major source of black carbon to the 
atmosphere at present is anthropogenic, burning of fossil fuels alone can produce 
over 8 ! 109 kilograms of black carbon annually, but episodic biomass burning 
has been recognized as an important aerosol source that can also contribute a 
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maximum total of 6 ! 109 kilograms of black carbon per year to the atmosphere 
(Cooke and Wilson, 1996; Gray, 1976; Harden et al., 2000; Hegg et al., 2009; 
Holdsworth et al., 1996; Koch and Hansen, 2005; Maenhaut et al., 1989; 
Saarikoski et al., 2007; Stohl et al., 2006; Sturges and Barrie, 1989; Warneke et 
al., 2009; 2010; Warren, 1984).  China and India are now the largest sources of 
black carbon emission (Jacobson, 2004) and although human population restricts 
the geographical location of the sources, long-range atmospheric transportation 
methods allow black carbon to have a globally widespread deposition extent 
(Doherty et al., 2010; Highwood and Kinnersley, 2006; Koch and Hansen, 2005; 
Stohl, 2006; Shindell et al., 2008; Warren, 1984).  Local contamination from a 
permanent camp would have a greater influence on black carbon mass ratios 
within Antarctic snow in comparison to the Arctic as pollution sources are in 
closer proximity to the Arctic than the Antarctic thus black carbon in the Arctic 
may come from industrial sources in Europe (Hansen et al., 2001; Warren, 1982).   
 
Trace amounts of dust, HULIS, black carbon and other light-absorbing aerosols 
deposited within a snowpack can be measurably reduce the albedo of that 
snowpack relative to the albedo of pure snow (e.g. Clarke and Noone, 1985; 
Warren, 1982; Warren and Wiscombe, 1980; 1985; Wiscombe and Warren, 
1980).  Jacobson (2004) suggested that heating due to black carbon at the surface 
of the snowpack melts additional snow or sea-ice and the black carbon itself 
changes the reflectivity of the snow.  Recent studies have shown that 10 ng g
-1
 of 
black carbon in snow reduces the albedo by 1% (Clarke and Noone, 1985; Flanner 
et al., 2007; Grenfell et al., 2002; Hansen and Nazarenko, 2004; Jacobson, 2004; 
Warren and Wiscombe, 1985).  The reduction in visible surface albedo of snow 
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owing to absorption of solar radiation by black carbon in the snowpack may be 
responsible for a climatic warming and a reduction in snow and ice extent 
(Hansen and Nazarenko, 2004).  Hansen and Nazarenko (2004) reported a 
radiative forcing of +0.3 W m
-2
 and suggested the black carbon in snow is a factor 
of two more efficient than atmospheric carbon dioxide in altering global air 
temperatures.  Hansen and Nazarenko (2004) also suggested that recent climatic 
warmings seen in the Northern hemisphere Arctic i.e. early springs, thinning sea-
ice and glacier retreat may be due to warming associated with black carbon in 
snow.  Qu and Hall (2005) report that changes in the extent of global snow and ice 
can account for 50% of the observed changes in planetary albedo.  Glaciers in 
West China that were strongly contaminated by black carbon at the surface 
experienced a ~5% reduction in albedo which caused accelerated melting (Ming 
et al., 2009).  Typical mass ratios of black carbon in snow have been reported in 
the range of 0.2-60 ng g
-1
 with extreme values of >250 ng g
-1
 (Clarke and Noone, 
1985; Doherty et al, 2010; Hansen and Nazarenko, 2004; Hegg et al., 2009; 
Huang et al., 2011; Ming et al., 2009; Voisin et al., 2012).  Black carbon, reported 
as an average mass ratio in the snow, could be concentrated at the surface where it 
would have more effect on albedo (Warren, 1982).  Both absorption (by 
impurities) and scattering (influenced by grain size) control the albedo of snow.  
The shape and size of the snow crystals are changed by solar radiation, 
windpumping and temperature variations that lead to water vapour and 
temperature fluxes within snow on the ground (Cabanes et al., 2002; Domine and 
Shepson, 2002).  Albedo, light penetration depth and response to impurities 
contained within snow for individual snowpacks can be affected by snow 
metamorphism (changes in snow crystal shape and size).  Snow grain size tends to 
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be larger in late winter/spring when there is enough sunlight to increase the 
importance of black carbon absorption (Hansen and Nazarenko, 2004).  It is 
importance to bear in mind that the snow grain size, solar zenith angle, black 
carbon size/shape/morphology and whether the black carbon is situated external 
or internal to the ice grain can cause significant changes between the perceived 
mass ratio of black carbon in snowpack and the reduced reflectivity of the 
snowpack (Bohren, 1986).  Figure 3.1 shows examples of different snow crystal 
morphology from snowpacks in Barrow, Alaska and Alert. 
 
 
Figure 3.1. Examples of different snow crystal morphology from a) Barrow, Alaska and b) Alert.  
Scale bars = 1 mm.  Adapted from Domine et al. (2002; 2012) 
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There have been several early studies on the effect of black carbon in snow and 
the reduction of snow albedo (e.g. Aoki et al., 2000; Chylek et al., 1983; 1987; 
Clarke and Noone, 1985; Flanner et al., 2007; Warren and Wiscombe, 1980; 
1985) but to the author’s knowledge there have been no previous studies of the 
response of e-folding depth to increasing or decreasing black carbon mass ratio. 
 
Light penetration depth (or e-folding depth) is the distance for the irradiance of 
diffuse light to decrease to 
1
e
 (or ~37%) of its initial value (King and Simpson, 
2001).  The measure of light penetration is important in the field of snow 
photochemistry and snow optics.  The photolysis of nitrate anion and hydrogen 
peroxide naturally found in snowpack produces fluxes of nitrogen dioxide from 
the snowpack and reactive hydroxyl radicals in the snowpack respectively.  A 
large value for the e-folding depth is consistent with larger values of the solar 
irradiance penetrating deeper in the snowpack than snowpacks with smaller e-
folding depth, potentially producing a larger flux of nitrogen dioxide from the 
snowpack or a larger yield of hydroxyl radicals in the snowpack.  Absorption of 
solar radiation by black carbon in the snowpack will reduce the e-folding depth 
and any flux of photochemical materials from the snowpack. 
Previous radiative-transfer modelling work of light propagation has always 
required the addition of black carbon absorber to the snowpack to match the 
modelled reflectivity and e-folding depth with field measurements of e-folding 
depth and reflectivity of snowpacks (e.g. Beine et al., 2006; Fisher et al., 2005; 
France et al., 2007; France et al., 2010; King et al., 2005; Lee-Taylor and 
Madronich, 2002; Warren and Wiscombe, 1980).  In the work presented in this 
chapter, a radiative-transfer model has been applied to four snowpacks previously 
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studied by fieldwork.  The mass ratio of black carbon within the snowpack has 
been varied whilst all other snowpack properties have been kept constant, thus 
exploring the sensitivity of albedo, and for the first time, e-folding depth to black 
carbon mass ratio in four representative and field-studied snowpacks.  Similar 
work was conducted in chapter 2c for the four representative Barrow snowpacks, 
however the Barrow snowpacks were very similar optically and in location, 
whereas the four snowpacks chosen for study in this chapter are located around 
the world and are optically different. 
 
3.2 Aims 
The aims of the work presented in this chapter are to: 
1. Use published fieldwork albedo and e-folding depth values to calculate 
absorption and scattering parameters for four snowpacks. 
2. Quantify the effect of black carbon on snowpack reflectivity. 
3. Calculate the effect of black carbon on e-folding depth. 
 
3.3  Modelling Procedure 
Albedo and e-folding depth for four snowpacks located around the world were 
determined from calculations of irradiances within snowpack as a function of 
black carbon content, solar zenith angle and sky conditions.  It is necessary to 
describe (a) the snowpits selected for this study, (b) the radiative-transfer 
calculations of irradiance in the snow and (c) the calculations of albedo and e-
folding depth from irradiances in the snow. 
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3.3.1 Snowpacks 
The four snowpacks chosen for this study (Table 3.1) are all from previous field 
studies and have previously determined values of scattering and impurity 
absorption cross-sections by the TUV-snow model (Lee-Taylor and Madronich, 
2002).  The four snowpacks chosen were: a cold Arctic snowpack, a cold 
Antarctic snowpack, a warm melting snowpack for contrast and a coastal 
windpack as most atmospheric chemistry experiments seem to occur at coastal 
snow sites.   The four snowpacks represent different snow types and locations 
thus giving a greater understanding to the variation in snowpack behaviour 
(albedo and e-folding depth) with black carbon.  The colder snowpacks are the 
South Pole and the Alert Arctic snowpack; a permanent snowpack located on the 
Antarctic plateau and a fine grained polar seasonal snowpack respectively.  The 
two warmer snowpacks were located in coastal Greenland and the Cairngorm 
Mountains, UK.  The Cairngorm snowpack was a mid-latitude, large grained, 
melting snowpack. 
 
Location  
/ m
2 
g
-1
 
 
/ cm
2 
g
-1 
Density 
/g cm
-3
 
Description 
Alert 
a 
27.5 4.5
 e 
0.24 Fine grained 
Arctic 
windpack 
Cairngorm 
b 
1.0 1.0 
b
 0.49 Coarse 
grained 
melting 
windslab 
Coastal 
Greenland 
c 
6.4 7.3 
e 
0.32 Dry, coastal 
snowpack 
South Pole 
d 
25 0 
e 
0.46 Dry, polar 
windpack 
Table 3.1  Properties of the four snowpacks studied.  Values of !
scatt
 and !
abs
+
 were derived from 
measurements of albedo and/or light penetration depths. 
a
 King and Simpson (2001), 
b
 Fisher et al. 
(2005), 
c
 Grenfell and Maykut (1977), 
d
 Grenfell et al. (1994), 
e
 Lee-Taylor and Madronich (2002). 
!
scatt ! abs
+
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3.3.2  Radiative Transfer Modelling 
Upwelling and downwelling irradiances in the snowpack were calculated using 
TUV-Snow (Lee-Taylor and Madronich).  TUV-Snow is an atmosphere-
snowpack coupled radiative-transfer model based on the DISORT code (Stamnes 
et al., 1988) that has been previously described by Lee-Taylor and Madronich 
(2002) and in earlier chapters.  Downwelling and spherical irradiances of short-
wave radiation (!=280–700 nm, "!=1 nm) were calculated from the top of the 
atmosphere through sixty-five unequal layers, varying from 0.001, 0.01, 1 or 2 
km, to 30 unequal snow layers varying from either 0.1, 0.5, 1, 5 or 10 cm (5 
thinner layers (1 mm) are at the snow surface) all within a 1 m snowpack.  The 
atmosphere was modelled free of cloud and aerosol with an ozone column of 300 
Dobson units and an Earth-Sun distance based on the 4
th
 October 2008, i.e. 1 AU.  
The snowpack is a multiple-scattering environment characterised by a wavelength 
independent scattering cross-section, !
scatt
, and wavelength dependent absorption 
cross-section, !
abs
, that is a sum of the absorption cross-section of water-ice, !
abs
ice
and a light-absorbing impurity, black carbon, !
abs
+
.  For the work presented in this 
chapter, all absorption by light-absorbing species in the snowpack is attributed to 
black carbon because black carbon is the strongest absorber among aerosol 
carbonaceous constituents (Hoffer et al., 2006).  However, as described in 
chapters 2b and 2c, a variety of absorbers such as HULIS, dust and other 
chromophores may be present in the snowpack.  Black carbon scattering 
properties were ignored.  The asymmetry parameter, g, for the snowpack is 0.89 
(Lee-Taylor and Madronich, 2002).  Values of the ice absorption coefficient were 
taken from Warren and Brandt (2008) (Figure 2b.2, found in Chapter 2b). 
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 The absorption cross-section of a black carbon particle was calculated using the 
Mie code of Bohren and Huffman (1983) and the work of Warren and Wiscombe 
(1985; 1980), i.e. the black carbon was represented by spheres of radius 0.1 !m 
externally mixed with the snow grains with a wavelength independent complex 
refractive index of 1.8-0.5i and a density of 1 g cm
-3 
(Figure 2b.2, found in 
Chapter 2b).  Values of the absorption cross-section (taken from Figure 2b.2, 
found in Chapter 2b) were 11.4, 11.1, 10.9, 10.3, 9.6 and 8.8 m
2
 g
-1
 for 
wavelengths of 350, 400, 450, 500, 550 and 600 nm respectively.  Mass ratios of 
black carbon used in the model were 1, 2, 4, 8, 16, 32, 64, 128, 256, 512 and 1024 
ng g
-1
.  The range of black carbon mass ratios encompasses the present-day mass 
ratio values of black carbon measured in snowpacks around the world (e.g. Clarke 
and Noone, 1985; Doherty et al., 2010; France et al., 2012; Hegg et al., 2009; 
Huang et al., 2011; Ming et al., 2009; Voisin et al., 2012).  For each black carbon 
mass ratio, the solar zenith angles studied were 26°, 37°, 46°, 53°, 60°, 66°, 73°, 
78°, 84° and 90° (linear in cos !).  Reflectivity and e-folding depths were 
calculated at six UV-Visible wavelengths of light: 350, 400, 450, 500, 550 and 
600 nm (the wavelength region in which black carbon is most absorptive).  The 
reflectivity of the snowpack was calculated as the ratio of upwelling to 
downwelling (flate plate) irradiance (calculated by the model) at the snow surface.   
reflectivity =
Iupwelling
Idownwelling
   (E3.1) 
The e-folding depth, ", was calculated by fitting equation (3.2) to the downwelling 
irradiances, Id, at depths, d, of 10, 20, 30 and 40 cm in the snowpack. 
 
I
d
I
d !
= e
d"d !
#      (E3.2) 
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with a reference depth, d!, of 10 cm.  The solar radiation at depths of 10, 20, 30 
and 40 cm is effectively diffuse owing to multiple scattering within the snowpack, 
sometimes described as the asymptotic zone (Simpson et al., 2002; Warren, 
1982). 
 
3.4 Results 
3.4.1 Effect of black carbon on e-folding depth 
For mass ratios of black carbon greater than 20-30 ng g
-1
 (depending on 
wavelength), the variation of e-folding depth with respect to black carbon obeys a 
simple power law, equation (3.3) (as shown in Figure 3.2). 
 
e-folding depth = ! black carbon[ ]
"#
   (E3.3) 
 
The data in Figure 3.2 are fitted to equation (E3.3) for each wavelength.  The 
values of ! and " are displayed in Table 3.2 along with the range of black carbon 
mass ratio over which the power law is valid.  The power law is not valid over the 
whole range of black carbon considered.  For all snowpacks the exponent, #", in 
equation (E3.3) is approximately #0.5 thus a doubling of the black carbon mass 
ratio (above 20-30 ng g
-1
) will reduce the light penetration depth to ~70% of its 
initial value.  All values have an error of 1 standard deviation from the fit of the 
power law. 
!"#$%&'()*(+,#-.(!#'/01(21(3'-%2-4(52678#%2%96&(#16(31%#'-%2-(:10;$#-.<(
( ( (=>=(
(
Snow Type Wavelength / 
nm 
!  / cm ng" 
g#" 
-"  [Black Carbon] 
Range / ng g
-1
 
350 22.3 ± 0.107 0.499 ± 0.00123 32-512 
400 22.6 ± 0.109 0.499 ± 0.00123 32-512 
450 22.9 ± 0.0125 0.450 ± 0.000138 32-512 
500 22.4 ± 0.129 0.491 ± 0.00144 32-512 
550 19.7 ± 0.471 0.461 ± 0.00583 32-512 
South Pole 
600 16.4 ± 0.857 0.422 ± 0.0124 32-512 
350 63.9 ± 0.0703 0.501 ± 0.000276 32-512 
400 64.7 ± 0.0644 0.501 ± 0.000248 32-512 
450 64.6 ± 0.125 0.498 ± 0.000481 32-512 
500 63.1 ± 0.518 0.490 ± 0.002 32-512 
550 57.0 ± 1.56 0.466 ± 0.00652 32-512 
Greenland 
600 47.9 ± 2.53 0.430 ± 0.0122 32-512 
350 40.999 ± 0.029 0.500 ± 0.000178 32-512 
400 41.6 ± 0.045 0.500 ± 0.00027 32-512 
450  41.4 ± 0.0808 0.4978 ± 0.000483 32-512 
500 41.0 ± 0.243 0.492 ± 0.00145 32-512 
550 36.7 ± 1.07 0.466 ± 0.00697 32-512 
Alert 
600 30.9 ± 1.62 0.431 ± 0.0121 32-512 
350 47.0 ± 0.0467 0.500 ± 0.000249 32-512 
400 47.7 ± 0.0514 0.450 ± 0.000269 32-512 
450 47.7 ± 0.115 0.498 ± 0.000599 32-512 
500 46.6 ± 0.425 0.490 ± 0.00223 32-512 
550 42.2 ± 1.12 0.466 ± 0.00634 32-512 
 Cairngorms 
600 35.4 ± 1.89 0.431 ± 0.0124 32-512 
Table 3.2.  Power law coefficients for relating e-folding depth, $, to black carbon mass ratio, i.e. 
! = "[black carbon]#$ , for black carbon mass ratios greater than 20 ng g-1. 
 
For solar radiation wavelengths of 450-600 nm, the variation of light penetration 
depth with black carbon mass ratio has two regimes:  When black carbon mass 
ratio is less than ~10 ng g
-1
, the absorption of solar radiation in the snowpack is 
dominated by water-ice absorption and the response of e-folding depth to black 
carbon mass ratios is wavelength dependent.  When black carbon mass ratio is 
greater than ~50 ng g
-1
, the absorption of solar radiation in the snowpack is 
dominated by black carbon absorption.  The absorption cross-section of black 
carbon is relatively invariant with wavelength (see Figure 2b.2, found in Chapter 
2b) and thus the response of e-folding depth to black carbon mass ratio is 
effectively invariant with wavelength.  The typical black carbon mass ratios for 
snowpacks and glaciers around the world ranges between 3-130 ng g
-1
 (Ming et 
al., 2009), therefore the range modelled here considered the scenario of black 
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carbon mass ratios less and far greater than the typical amount.  It can be seen 
from Figure 3.2 that typical black carbon mass ratios have a large effect on the e-
folding depth within a snowpack.  The e-folding depth is independent of solar 
zenith angle (King and Simpson, 2001).  The lack of solar zenith angle 
dependence is expected because the metric of e-folding depth does not include the 
top few cm of the snowpack where direct and diffuse incoming radiation is 
converted to diffuse radiation by multiple scattering, i.e. although the absolute 
value of irradiance in snowpack is very sensitive to solar zenith angle, the 
attenuation (i.e. e-folding depth) depends only on the relative decrease in 
irradiance with depth. 
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Figure 3.2.   e-folding depths for four snowpacks plotted versus black carbon mass ratio for the 
wavelengths of 350, 400, 450, 500, 550 and 600 nm.  Dotted lines represents mass ratio of black 
carbon presently found in snowpacks.  Values of black carbon mass ratio in snow taken from 
Doherty et al. (2010) (Alert and Greenland), Warren and Clarke (1990) (South Pole) and Davies et 
al. (1992) (Cairngorms). 
 
!"#$%&'()*(+,#-.(!#'/01(21(3'-%2-4(52678#%2%96&(#16(31%#'-%2-(:10;$#-.<(
( ( (=>?(
The response to increasing black carbon is not the same for each location or snow 
type (Figure 3.3).  The e-folding depths of the warmer Cairngorm and coastal 
Greenland snowpacks undergo larger absolute decreases with increasing black 
carbon mass ratio than the colder South Pole and Alert snowpacks.  The South 
Pole and Arctic (Alert) snowpacks have a small grain size relative to the 
Cairngorm and coastal Greenland snowpacks.  A large grained snowpack tends to 
propagate light deeper into the snowpack thus the light experiences more potential 
interactions with black carbon particles in the snowpack (Warren, 1982; Fisher et 
al., 2005).   A photon experiences the same number of scattering events to get out 
of a coarse-grained snowpack as a fine-grained snowpacks, however, in each 
event the photon is more likely to be absorbed by a large grain than by a small 
grain and the scattering angle may be shallower for coarse grains therefore the 
light propagates deeper.  A similar scenario can be seen for coarse and fine sand 
(Bohren, 1987) 
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Figure 3.3.  Response of snowpack e-folding depth to increasing black carbon mass ratios at 350 
nm.  Response is calculated as 
e-folding depth
e-folding depth
[ BC ]=1
. 
 
3.4.2  Effect of black carbon on albedo 
Figure 3.4 and 3.5 plot the decreasing albedo with increasing black carbon mass 
ratio for solar zenith angles of 78° and 45° respectively.  Large absolute decreases 
of albedo with increasing black carbon mass ratios are noted for the Cairngorm 
and coastal Greenland snowpacks, whereas the South Polar snowpack appears to 
be relatively insensitive.  For smaller solar zenith angles, the albedo is lower at 
the same black carbon mass ratio thus a snowpack impacted by increased black 
carbon pollution would have a larger decrease in the albedo at small solar zenith 
angles. 
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Figure 3.4. Albedos for four snowpacks plotted versus black carbon mass ratio for the 
wavelengths of 350, 400, 450, 550, 550 and 600 nm at a solar zenith angle of 45°.  Dotted lines 
represents mass ratio of black carbon presently found in snowpacks.  Values of black carbon mass 
ratio in snow taken from Doherty et al. (2010) (Alert and Greenland), Warren and Clarke (1990) 
(South Pole) and Davies et al. (1992) (Cairngorms). 
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Figure 3.4 demonstrates that the albedo response for each wavelength is different 
at small mass ratios of black carbon.  
 
 
Figure 3.5 Albedos for four snowpacks plotted versus black carbon mass ratio for the wavelengths 
of 350, 400, 450, 500, 550 and 600 nm at a solar zenith angle of 78°. 
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It can be seen in Figure 3.5 that as black carbon mass ratios increase the 
wavelength dependence of the albedo reverses, this is due to the absorption of 
light becoming dominated by black carbon and not ice as the black carbon 
absorption spectrum used here (Figure 2b.2, found in Chapter 2b) decreases 
gently from 350 nm to 600 nm.  For each solar zenith angle, albedo is equal for all 
wavelengths at a specific black carbon mass ratio e.g.  ~100 ng g
-1
 in Figure 3.4 
and ~15 ng g
-1
 in Figure 3.5, a decrease in specific black carbon mass ratio is seen 
with increasing solar zenith angle. 
 
3.5  Discussion 
The discussion will focus on: (a) a critique of the black carbon proxy, (b) the 
black carbon mass ratios presently found in the snowpack (c) the effect of black 
carbon on e-folding depth, (d) the effect of black carbon on snowpack albedo,  (e) 
the effect of snow morphology on scattering and absorption values, (f) the effect 
of black carbon on snowpack photochemistry, (g) the uncertainties of the study 
presented here and (h) a comparison with previous work 
 
3.5.1  Black carbon absorption spectrum 
The major sources of uncertainty for the absorption of black carbon are the values 
of the index of refraction of the black carbon particle, size and position of the 
black carbon particle relative to the snow crystal/grain.  Bohren (1986) 
demonstrates that black carbon internal to the snow grain increases the absorption 
spectrum by a factor of 1.4.  The assumption in this work is that the black carbon 
has been deposited external to the snowpack by processes such as riming during 
snowfall or collection on the snowpack due to atmospheric deposition or 
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windpumping at a later date (Chylek et al. 1983).  Roessler and Faxvog (1980) 
and Bohren (1986) highlight that the imaginary index of refraction, and thus the 
absorption spectrum, of different types of black carbon spans a factor of 5.  Bond 
and Bergstrom (2006) reviewed the black carbon absorption values and the values 
for the black carbon absorption cross-section used in this work are in agreement 
(Figure 3.6).  For consistency with previous workers, this study has chosen a 
spherical black carbon particle.   Bohren (1986) has shown that a needle or disk 
shape increases the absorption cross-section by a factor of 1.48 and 2.1 
respectively using equation 3.4.   
(Cabs )sphere =
kv
3
27
(! '+ 2)2 + ! ''2
"
#$
%
&'
! ''
(Cabs )needle =
kv
3
8
(! '+1)2 + ! ''2
+1
"
#$
%
&'
! ''
(Cabs )disk =
kv
3
1
(! '2+ ! ''2
+ 2
"
#$
%
&'
! ''
  (E3.4) 
where v is the volume of a particle, ! is its dielectric function relative to that of the surrounding 
medium (in air, !=2.99+i1.8) and k is the wavenumber of the incident light. Taken from Bohren 
and Huffman (1983), p.350. 
 
The abscissa of Figures 3.2, 3.3 and 3.5 is therefore indicative of the amount of 
black carbon present and each snowpack will differ.  The field measurements of 
black carbon in snow of Hegg et al (2009) and Clarke and Noone (1985) 
demonstrates that the values chosen in this and other work are sensible values. 
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Figure 3.6.  Black carbon mass absorption cross-section.  The filled circles are the absorption 
cross-section used in the work described here (based on the Mie calculation described in the text).  
Black carbon absorption cross-section values measured and reviewed by Bond and Bergstrom 
(2006) or measured by Adler et al. (2010) are represented by the unfilled squares.  The value of 
7.5 ± 1.2 m
2
 g
-1
 recommended by Bond and Bergstrom (2006) for the black carbon mass 
absorption cross-section is represented by the shaded band.  The values used in the work presented 
here are in agreement with the values reviewed in the literature by Bond and Bergstrom (2006).  
The double-headed arrow represents the region of interest for the study presented here. 
 
3.5.2  Black carbon mass ratios found within the snowpack 
Typical black carbon mass ratios found in snowpack and glaciers around the 
world are 0.2-130 ng g
-1
 (Ming et al, 2009) and the four snowpacks studied here 
presently contain a variety of black carbon mass ratios within the typical range.  
The South Pole snowpack contains the lowest mass ratio of black carbon with a 
range of 0.25-3 ng g
-1
, the highest black carbon mass ratio is marked on Figure 
!"#$%&'()*(+,#-.(!#'/01(21(3'-%2-4(52678#%2%96&(#16(31%#'-%2-(:10;$#-.<(
( ( (=>=(
3.2 (Grenfell and Maykut, 1977; Grenfell et al., 1994; Warren and Clarke, 1990).  
Black carbon mass ratios are also low in the coastal Greenland snowpack with a 
black carbon mass ratio range of 3.5-6 ng g
-1
, the highest mass ratio of black 
carbon for Greenland is marked on Figure 3.2 (Clarke and Noone, 1985; Doherty 
et al., 2010; Hansen and Nazarenko, 2004; Warren and Clarke, 1990).  Larger 
black carbon mass ratios can be seen in both Alert and the Cairngorms snowpacks 
at present.  Measurements of black carbon mass ratio at Alert found a large range 
of 14-45.5 ng g
-1
, the highest value is marked on Figure 3.2 (Clarke and Noone, 
1985).  The Cairngorms contains the highest mass ratio of black carbon with a 
range of 40-60 ng g
-1
, the highest value is marked on Figure 3.2 (Davies et al., 
1992; Hansen and Nazarenko, 2004).  Other light-absorbing impurities i.e. HULIS 
and soil can also contribute to the absorption of snowpack and therefore the mass 
ratio values of black carbon are likely to be maximum mass ratios present in the 
individual snowpacks. 
 
3.5.3  Effect of black carbon mass ratio on snowpack penetration depth 
To my knowledge, there has been no systematic quantitative study on the effect of 
increasing black carbon mass ratios on e-folding depths in snowpack.  The work 
presented here assumed the black carbon was uniformly mixed within the 
snowpack as it would have been difficult to obtain an e-folding depth from a 
study of varying layers.  Table 3.1 shows that all the snowpacks studied here have 
been re-worked by wind events and therefore the mass ratio of particles are well-
mixed in the top layers of the snowpack by their formation, thus for these 
snowpack layers with different black carbon mass ratios have not been 
considered. 
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3.5.4  Effect of black carbon mass ratio on albedo 
It has been suggested that heating due to black carbon at the surface of the 
snowpack melts additional snow or sea-ice and the black carbon itself changes the 
reflectivity of the snow (Jacobson, 2004).  In Western China, accelerated melting 
occurred due to a ~5% reduction in albedo caused in glaciers strongly 
contaminated by black carbon (Ming et al., 2009).  Laboratory studies undertaken 
by Hadley and Kirchstetter (2012) confirmed that black carbon mass ratios 
contaminating snow in natural settings (Aamaas et al., 2011; Forsström et al., 
2012) reduced snow albedo.  Increased snow grain size, seen naturally in the 
metamorphism of snow with age (Dirmhirn and Eaton, 1975), also decreased 
snow albedo and amplified the radiative effects of black carbon.  For the given 
black carbon mass ratios in snow, a greater decrease in snow albedo can be seen 
for large grained snowpacks than small grained snowpack (Warren, 1982; 1984; 
Warren and Wiscombe, 1980).  Comparing the Cairngorm and polar snowpacks 
shows how striking this effect is (Figures 3.5 and 3.5).  Grenfell et al. (1994) 
demonstrated that increasing solar zenith angle caused an increase in albedo due 
to the photon undergoing its first scattering event closer to the surface when 
entering at closer to a grazing angle.  The addition of black carbon to snow caused 
snow albedo to be changed at wavelengths where albedo was high, i.e. the visible.  
In spectral regions, increased absorption by ice allowed the black carbon to 
contribute less to the total absorption (Grenfell et al., 1994).  Comparison between 
Figure 3.4 (solar zenith angle of 45°) and Figure 3.5 (solar zenith angle of 78°) 
clearly demonstrates that increasing black carbon mass ratio exaggerates the 
effect.  Previous studies on the effect of black carbon mass ratio on albedo have 
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dealt with hypothetical snowpacks whereas the snowpacks modelled here are 
based on measured optical properties of real snowpacks.  
. 
3.5.5  Snow morphology, scattering and absorption 
The scattering in the snowpack is parameterised with a single wavelength 
independent variable, !scatt.  The value of !scatt is fitted to experimentally studied 
snowpacks empirically.  Grenfell et al. (1994) noted that (a) the absorption cross-
section of a larger, nearly transparent particle is almost independent of its shape 
and proportional to its volume, and (b) the asymmetry parameter, g, of a large 
transparent particle is almost independent of its shape.  Thus, by using empirically 
fitted values of !scatt the work described here has not had to assume any prior 
knowledge of the snow grain morphology. 
 
The absorption cross-section of ice is not well known in the wavelength region of 
200-400 nm, the imaginary part of the refractive index of ice is below 2 x 10
-11
 
and, as noted by Warren and Brandt (2008), is effectively no different from zero.  
The extrapolation seen in Figure 3.3 is crude but it makes little or no difference as 
the ice absorption coefficient value is very small.   
 
3.5.6  The effect of black carbon mass ratio on snowpack photochemistry 
The top layers of solar illuminated snowpack are efficient media for the 
photolysis of chemicals within the snowpack to produce fluxes of chemicals from 
the snowpack involved in local atmospheric chemistry.  Snowpack 
photochemistry may also modify deposited chemicals in the snowpack that are 
used in ice-cores to record previous climate.  A well-used, approximate measure 
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of the amount of snow involved in snowpack photochemistry is two e-folding 
depths (King and Simpson, 2001), i.e. one can say 85% of the snowpack 
photochemistry occurring in the top x cm of snow, where x is equal to two e-
folding depths.  Figure 2b.2 (found in Chapter 2b) demonstrated that doubling the 
black carbon mass ratio decreases the amount of snowpack available for 
photochemistry by ~30 % and continued pollution of warmer snowpacks by black 
carbon would reduce the amount of photochemistry occurring in those snowpacks. 
 
3.5.7 Uncertainties 
To model the effect of black carbon mass ratios on snowpack, some 
approximations were made.  The size, density and the external location of the 
black carbon particle relative to an ice grain were assumed.  The model does not 
explicitly specify grain size, just a wavelength independent, !scatt, however the 
data was taken from four real snowpacks.  The data taken from the real 
snowpacks mostly pertains to spring time so it is therefore a snapshot of the 
snowpack properties and may not necessarily be representative of all seasons or 
locations.  The seasonality of the data may not affect the results of permanently 
snow-covered places such as the South Pole but will affect seasonally snow-
covered places such as the Cairngorms and Greenland. 
 
3.5.8 Previous studies 
The effect of increasing black carbon mass ratio on albedo has been previously 
studied.  Jacobson (2004) varied black carbon mass ratio between 0-500 ng g
-1
 at 
a solar zenith angle of 72°, producing albedos between 1-0.8.  The solar zenith 
angle dependence of albedo makes it is difficult to compare this study with that of 
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Jacobson (2004).  However, Figure 2 shows that at a solar zenith angle of 66°    
only the seasonal snowpacks, Greenland and Cairngorms, have albedos as low as 
0.8 around 500 ng g
-1
.  Warren (1985) studied the effect of varying black carbon 
mass ratio between 1 ng g
-1
 to 1 !g g
-1
 at a solar zenith angle of 53°.  The albedos 
produced ranged between 0.83-0.8.   As with Jacobson (2004) it is difficult to 
compare this study exactly to Warren (1985) due to solar zenith angle dependence 
but both Figures 2 and 3 indicate that the only snowpacks reaching these albedo 
levels are the seasonal snowpacks, Greenland and the Cairngorms.  In the boreal 
spring large portions of the Northern hemisphere are exposed to intense insolation 
whilst snow covered so snow-albedo feedback is at strongest (Hall and Qu, 2006; 
Flanner et al, 2009).  Ming et al (2009) compared the percentage reduction in 
albedo with increasing mass ratios of black carbon showing that between 10 -100 
ng g
-1
 albedo is reduced by less than 1%.  Figures 2 and 3 from this study clearly 
show that albedo reduces by more than 1%.  The difference in reduction of albedo 
between Ming et al (2009) and this study could be due to the different solar zenith 
angles, the black carbon mass ratio considered in this study is of a smaller range 
than that of Ming et al (2009) and therefore is a more concentrated study.  Ming et 
al (2009) studied many measured and modelled snowpacks from worldwide 
locations whereas this study focuses on specific snowpacks. 
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Chapter 4 
 
Investigating the variation of black carbon mass ratio 
across glaciers in Oscar II Land, Svalbard and Victoria 
Land, Antarctica 
 
4.1 Introduction  
Light-absorbing impurities in snow may have a significant impact on sensitive 
polar climates by altering the albedo and thus altering the temperature profile, 
cloud coverage, the seasonal cycle, contributing to the surface energy budget, 
influencing the polar radiative balance and dominating the absorption of solar 
radiation leading to accelerated snow and ice melt (Doherty et al., 2010; Hegg et 
al., 2009; Koch and Hansen, 2005). Burning of fossil fuels adds not only CO2 to 
the atmosphere but also particulates produced by incomplete combustion, such as 
black carbon (Browse et al., 2012).  These particles may travel thousands of 
kilometres within the atmosphere before being removed by rain or snow 
precipitation (Doherty et al, 2010).  Black carbon is produced from sources such 
as coal burning, diesel engines, residential wood burning, agricultural and forest 
fires (Bond and Bergstrom, 2006; Bond et al, 2004; Hansen and Nazarenko, 
2004).  The International Panel for Climate Change (IPCC) estimates that global 
climate forcing by black carbon in snow and ice is around 0.2 Wm
-2
.  Hansen et 
al. (2005) calculated that black carbon in snow had 1.8 times the ‘climatic 
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warming effect’ of anthropogenic CO2 per Wm
-2
 for a specified radiative forcing.  
However, Flanner et al (2007) calculated that black carbon in snow may actually 
be 3.2 times more efficient at climatic warming than CO2 because (1) the peak 
black carbon fallout coincides with the onset of snowmelt in Arctic springtime, 
(2) coarse-grained snow has a lower albedo than fine-grained snow, (3) dark 
underlying surfaces are exposed earlier by snowmelt, (4) rapid heat exchange is 
prevented by the stable atmospheric boundary layer over the snow thus warming 
is concentrated at the snow surface (Doherty et al., 2010), (5) initial albedo 
reduction by black carbon can cause a temperature increase in snow thus initiating 
the growth of snow grain size before the onset of melting (LaChapelle, 1969; 
Flanner and Zender, 2006), (6) black carbon causes a greater reduction in the 
albedo of coarse-grained snow than fine-grained snow (Figure 7, Warren and 
Wiscombe, 1980), (7) melting may concentrate black carbon to the top surface of 
the snowpack where it is exposed to more sunlight (e.g. Flanner et al., 2007). 
 
Anthropogenic combustion, including fossil fuel (over 8 ! 10
9
 kilograms of black 
carbon to the atmosphere per year) and biomass burning (a maximum total of 6 ! 
10
9
 kilograms of black carbon to the atmosphere per year), is the primary source 
of black carbon thus human population restricts the geographical location of the 
sources, but long-range atmospheric transportation methods allow black carbon to 
have a globally widespread deposition extent (Doherty et al., 2010; Highwood 
and Kinnersley, 2006; Koch and Hansen, 2005; Stohl, 2006; Shindell et al., 2008; 
Warren, 1984).  The proximity of pollution sources to the Arctic in comparison to 
the Antarctic makes the area more sensitive to changes in black carbon 
concentration.  Black carbon in the Arctic may come from industrial sources in 
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Europe, whereas local contamination from a permanent camp would have more 
influence on black carbon concentrations within Antarctic snow (Hansen et al., 
2001; Warren, 1982).  Black carbon concentrations in snow are determined by the 
ambient concentrations in the air, wet and dry depositional processes, snowfall 
rate and in-snow processes, with aging, such as melting, sublimation and frost 
deposition (Browse et al., 2012; Doherty et al, 2010).  
 
Using modelling techniques, several studies have investigated the effect of black 
carbon in snow (e.g. Aoki et al., 2000; Chylek et al., 1983; 1987; Flanner et al., 
2007; France et al., 2012; Grenfell et al., 2002; Hansen and Nazarenko, 2004; 
Jacobson, 2004; Reay et al., 2012; Warren, 1980a; 1980b; 1985).  The studies 
have shown that small (nanogram) quantities of black carbon in one gram of snow 
can significantly reduce albedo and light penetration depth (e-folding depth), i.e. 
10 ng g
-1
 black carbon in snow can reduce the albedo by 1% (Clarke and Noone, 
1985; Flanner et al., 2007; Grenfell et al., 2002; Hansen and Nazarenko, 2004; 
Jacobson, 2004) and doubling the black carbon concentration decreases the e-
folding depth to ~70% of the initial value, for black carbon concentrations greater 
than 20 ng g
-1 
(France et al., 2012; Reay et al., 2012).  Clarke and Noone (1985) 
pioneered the use of filtration techniques to measuring black carbon 
concentrations in the Arctic snow, and the work was continued by Doherty et al. 
(2010) and Hegg et al. (2009).  Similar filtration techniques were used in the work 
presented here and the sample region has been extended to Antarctica, in addition 
to the Norwegian Arctic. 
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The work presented in this chapter is a combination of academic research and 
educational outreach.  The field research undertaken in Svalbard was part of a 
British Schools Exploring Society (BSES) expedition to Oscar II Land.   
 
The British Schools Exploring Society is one of the country’s leading youth 
development charities undertaking scientific research expeditions.  The 
expeditions combine a mixture of science and adventure using the underlying 
principal of ‘adventure with purpose’ to develop the next generation of leaders 
and scientists.  BSES has been running extreme scientific research expeditions to 
remote wilderness areas around the world since 1932.  The work undertaken on 
the Svalbard expedition presented here was a collaborative effort between 9 
young explorers and 3 leaders.  Due to the nature of the expedition, certain 
constraints were placed upon the science research: all scientific equipment had to 
be carried in a backpack along with day-to-day equipment therefore the weight, 
size and amount of equipment was limited; the entire expedition was spent living 
in tents in the remote wilderness of Oscar II Land with no external power sources 
and no inside laboratory facilities thus hand pumps were used and precautions had 
to be taken to keep the filtration method as clean as possible e.g. coveralls and 
Sigma-Aldrich glove bags; the ethos of BSES meant that the research needed to 
be undertaken by everyone, to inspire the next generation, therefore the filtration 
method was conducted by a variety of different people and the theory behind the 
research needed to be accessible to a variety of different scientific abilities.  
 
The field research undertaken in Antarctica was part of a PNRA (Italian Antarctic 
Survey) campaign to Terra Nova Bay, Victoria Land.  Bi-directional reflectance 
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distribution function measurements were undertaken on the same Antarctic 
campaign using a Gonio Radiometric Spectrometer System and the work is 
presented in chapter 5. 
 
4.2 Study Area 
4.2.1 Oscar II Land, Svalbard 
The expedition area was based in Oscar II land, Svalbard.  Svalbard is an 
archipelago situated between 74-81ºN and 10-35ºE.  It was discovered in 1595 
and is now home to around 2850 people.  The main settlement on Svalbard, 
Longyearbyen, was situated on the opposite side of Isfjorden to Oscar II Land.  
The glaciers in Oscar II land were both surging and receding (Koryakin, 1986; 
Lankauf, 2002; Nuth et al., 2007; 2010; Sobota, 2010; 2011; Wieslaw, 2005).  
Two smaller glaciers, Lappbreen and Lulefjellet, that fed into a larger glacier, 
Bardebreen, were focused on within the study area (Figures 4.1 and 4.2). 
 
Figure 4.1.  Maps of glacier transect locations in Oscar II Land, Svalbard. 
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Figure 4.2.  Close up map showing glacier transect locations. 
 
Seasonally occupied huts can be found along the coast of Oscar II Land and it is 
often visited by small groups of kayaking tourists due to its accessibility from 
Longyearbyen. 
4.2.2 Victoria Land, Antarctica 
Victoria land is a region of Antarctica bound by the Ross Sea and Wilkes Land.  It 
includes the Transantarctic mountains, the McMurdo dry valleys and a network of 
outlet glaciers that drain from the East Antarctic ice sheet (Figure 4.3).  The 
campaign was based at the Mario Zucchelli station located in Terra Nova Bay.   
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Figure 4.3.  Location of Victoria Land within Antarctica. 
 
The sample sites in Victoria Land (Figure 4.4) were visited by helicopter.  Using 
helicopters to access areas of Antarctica meant that there were constraints on the 
size, weight and amount of sampling equipment transported.  In contrast to the 
Svalbard expedition, filtering of the snow samples was done in a laboratory at the 
Mario Zucchelli station not in the field.  However, filtering was still undertaken 
inside a Sigma-Aldrich glove bag to minimise contamination and the filtration 
technique remained consistent between the Antarctic and Svalbard filters. 
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Figure 4.4.  Location of sample sites in Victoria Land, Antarctica. 
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4.3 Aims 
The aims of the work presented in this chapter are to: 
1. Optically determine the amount of black carbon in snow and ice by taking 
filter samples from glaciers. 
2. Investigate whether black carbon varies with depth. 
3. Determine whether black carbon can be judged accurately from filters by 
eye.  
 
4.4  Field Sampling Method 
Two methods were used to analyse the amount of black carbon found in snow and 
ice on glaciers in Oscar II Land, Svalbard and Victoria Land, Antarctic.  Firstly, a 
comparison was made between the sample filters from the field and pre-prepared 
comparison filters showing a variety of black carbon mass ratios.  The method 
was used to produce ‘instant’ results in the field so the young explorers helping to 
conduct the research would have a greater understanding of the aim of the science 
work, and to test whether the amount of black carbon in snow can be judged by 
eye.  The second method was a laboratory-based method that aimed to record the 
wavelength resolved spectrum of the filters to measure an accurate value for black 
carbon and identify other absorbers, if possible.  It is beneficial to optically 
determine the mass ratio of black carbon because the chemical composition or 
origin of the black carbon are not necessary for analysis (Andreae and Glencser, 
2006).   
 
The work in Svalbard was undertaken as part of a BSES expedition and the 
Antarctica sampling was part of an Italian campaign.  The extent of the field areas 
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and the nature of the campaigns meant that the scientific research needed to be 
suited to a variety of surface conditions, and the equipment needed to be small 
and portable. 
 
4.4.1 Equipment 
Below is a list of equipment needed to undertake the field experiments described 
in this chapter: 
• 240 ml wide-mouth PTFE sample jars 
• 0.4 !m Nuclepore membrane filters 
• Vinyl gloves 
• Clean lab coveralls 
• Plastic vacuum filtration flasks (Erlenmeyer flasks) 
• Tweezers 
• Filter holders 
• Glass vacuum filter holder 
• Scientific tissues (Kim wipes) 
• Sigma-Aldrich glove bag 
• Permanent marker pens 
• Sample bags 
• Global Positioning System (GPS) 
 
4.4.2 Oscar II Land, Svalbard 
Measurements were taken in a variety of glacial locations between July-August 
2010, as described below: 
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4.4.2.1 Transect 
A GPS was used to determine the co-ordinates of the location.  A bearing was 
used to conduct a transect across the glacier and samples were taken every 50 m 
along that bearing.  As the sampling was undertaken during melt season, the 
location of the transect was determined by the accessibility of the glacier for 
safety reasons.  To prevent contamination, overalls were worn when sampling.  
 
Starting from the side of the glacier, three 240 ml PTFE pots were filled with 
snow at each sampling location to ensure that spatial variation was accounted for.  
No additional equipment was used to fill the pots; the pots were pushed 
horizontally into the snow surface, rotated and pulled out, thus ensuring that the 
snow was not artificially compacted into the pots or contaminated when filling.  
Each PTFE pot was cleaned 3 times, i.e. filled and emptied 3 times, using the 
same area of snow as sample to reduce contamination, and the fourth collection of 
the snow was kept.  All samples were collected at the same depth.  Areas 
containing red snow algae were avoided (as much as possible) when sampling as 
the red colour masks the black carbon colour results to the eye.  The process was 
repeated at each sampling site location on the transect, using the GPS to 
determine distances of each sampling site and the bearing of the transect. 
 
4.4.2.2 Snow Pit 
A pit was dug in the snow, using ice axes and snow shovel, until the ice layer 
below the snow was reached.  The snow pit was used to determine the variation of 
black carbon at different depths, thus samples were collected at different depths 
through a variety of snow layers.  For each snow layer, three PTFE pots were used 
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to collect snow samples in the way as described for transect snow collection:  each 
pot was cleaned out 3 times using the layer of snow to be sampled and the fourth 
collection was kept. 
 
4.4.3 Victoria Land, Antarctica 
Measurements were taken in a variety of locations around Victoria Land in 
December 2010. 
 
Three PTFE sampling pots were filled at each glacial location.  Before sampling, 
the PTFE pots were filled 3 times with snow from the sample site to ensure that 
the pot was clean.  The fourth time the pot was filled, the snow was kept as the 
sample for the location. 
 
4.4.4 Field Filtering Method 
In Svalbard, once taken the samples were placed inside backpacks and the 
samples were left to melt naturally as the temperature was above 0 °C.  In 
Antarctica, the samples were left to melt naturally inside the laboratory at the 
Mario Zucchelli station.  Once the sample had melted, filtering could occur.  The 
filtering was undertaken inside Sigma-Aldrich glove bag in order to prevent 
contamination (Figure 4.5). 
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Figure 4.5.  A diagram showing the field filtering equipment setup. 
 
The filtering method was adapted from Clarke and Noone (1985).  A 0.4 !m 
Nuclepore membrane filter was placed between the beaker and the conical flask 
using clean tweezers.  A clamp was then attached to create a seal.  The melted 
sample was poured into the top reciprocal and a vacuum hand pump was used to 
create a suction flow to ‘pull’ the water through the filter.  Vacuum hand pumps 
were used as there was no electricity, electrical pumps required too much power 
for a solar panel and batteries were too heavy and not energy dense enough for the 
campaign.  The sample drained into the conical flask through the 0.4 !m 
Nuclepore filter, leaving any black carbon residue on the membrane filter.  The 
filter was removed and placed in a filter Petri slide to analyse against a pre-
prepared filter colour chart (Figure 4.6; see section 4.5.1 for more detail).  The 
filtering process was repeated for other sample and the beaker was cleaned using 
scientific tissues (Kim wipes) between the filtering of each sample. 
!"#$%&'()*(+,#-.(!#'/01(!01-&1%'#%2013(21(45#,/#'6(#16(71%#'-%2-(4108$#-.3(
(
( ( (
9:;(
 
Figure 4.6.  Filters created using varying mass ratios of black carbon, used as a comparison sheet 
for field sample filters to determine the mass ratio of black carbon by eye.  Comparison sheet (a) 
was the sheet used in the field for both Svalbard and Antarctica.  Comparison sheet (b) was a small 
range of filters for lower mass ratios of black carbon to be able to more accurately compare the 
field samples with the pre-made laboratory samples when using the integrating sandwich sphere. 
 
4.5 Laboratory Method 
The methods used to compile the comparison filters (e.g. Figure 4.6) and to 
measure the sample filters using an integrating sandwich sphere were adapted 
from the methods described in Clarke and Noone (1985).   
 
4.5.1 Black carbon comparison filters 
To make the comparison filters, solutions of known composition were made then 
filtered.  The initial solution comprised of 1 g of black carbon (obtained from 
Cabot (M120) and was the closest available match to the black carbon used by 
Clarke and Noone (1985)), 800 ml of water and 200 ml of isopropanol were 
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mixed together.  The stock solution was placed in an ultra-sonic bath for one hour 
to ensure the solution was fully saturated with black carbon particles, the solution 
was then filtered through 2 !m then 0.8 !m Nuclepore filters to remove the larger 
particles so the black carbon in the stock solution was roughly representative of 
atmospheric black carbon particles.  The method described was a repeat of the 
method used by Clarke and Noone (1985).   
 
To gain an accurate measurement of the black carbon concentration within the 
filtered stock solution 3 pre-weighed beakers were heated in an oven of 90 °C to 
remove any residual water from cleaning.  The beakers were removed from the 
oven and aluminium foil was placed over the beakers to prevent any further 
contamination whilst the beaker was left to cool before weighing to obtain the 
mass of a dry beaker.  Before being placed back in the oven, 525 ml of the filtered 
stock solution was accurately added to each beaker.  Once all the solution has 
been evaporated, the beakers were removed from the oven and the tin foil was 
replaced whilst the beakers cooled before weighing.  The final mass of the beaker 
minus the initial mass of the beaker, divided by the volume of stock solution 
added to the beaker gives the concentration of black carbon within the stock 
solution. 
 
To make the comparison filters, pictured in Figure 4.6, 250 ml of the remaining 
stock solution was placed into a beaker marked ‘solution 1’, 125 ml of the 
solution was filter through 0.4 !m Nuclepore filter (this becomes a comparison 
filter) then the remaining 125 ml of stock was diluted with 125 ml of distilled 
water to make ‘solution 2’.  The filtering and dilution process was repeated, i.e. 
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diluting by a factor of 2, until no visible black carbon was be collected on the 0.4 
!m Nuclepore filter.  Once the comparison filters were dry, the integrating 
sandwich sphere was used to measure the absorption due to black carbon on the 
filters.   There was no evidence that black carbon was lost to the glass of the 
volumetric flask, isopropanol and the use of an ultra-sonic bath ensured that the 
black carbon in the solution settled but did not stick to the surface. 
 
4.5.2 Integrating Sandwich Sphere Spectrometer 
An integrating sandwich sphere spectrometer (ISSS) was used to measure the 
sample filters more accurately than by eye and a schematic diagram of the set-up 
of the ISSS can be seen in Figure 4.7.  The principle of the ISSS is to create an 
isotropic environment by use of a highly scattering diffuser thus minimising any 
false measurement effects due to scattering.  Any light scattered by particles on 
the sample filter is included in the multiple scattering radiation field caused by the 
diffuser surrounding the filter and thus very little light loss is experienced and the 
light passing through the sandwich to the detector is varied by only the absorption 
of the filter.  The absorption of light by particles on the filter is amplified by the 
use of the ISSS as light passes multiple times through the filter.  To produce the 
best results using the ISSS method, the measurements require either long 
integration times or a bright light source (Grenfell et al., 2011).   
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Figure 4.7. A schematic of the integrating sandwich sphere spectrometer.  Adapted from Grenfell 
et al. (2011). 
 
To make an absorption measurement using the ISSS, a blank filter was position 
using clean tweezers on the platform of the base to measure the background light 
received by the spectrometer (Figure 4.9).   
 
 
Figure 4.8.  Blank filter positioned on platform of base.  Underneath the filter is a fixed position 
sapphire window. 
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The ‘lid’ of the ISSS was placed over the filter thus trapping the filter between 
two sapphire windows and ensuring no light other than the specific light source (a 
visible lamp) can be emitted through the filter (Figure 4.9 and 4.10). 
 
 
Figure 4.9.  Inside of ‘lid’ used to enclose the filter.  The fixed position sapphire window can be 
seen and behind that is a small piece of quartz filter paper, used to diffuse light. 
 
Figure 4.10.  Set up of ISSS in laboratory. 
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The light passed from the visible lamp into a spectrolon integrating sphere to 
producing diffuse radiation.  The diffuse light then passed through a 20 mm 
sapphire window before passing through the sample filter, another 20 mm 
sapphire window and the quartz fibre filter than acts as an upper diffuser.  The 
radiation transmitted upwards through the quartz filter wass received by an Ocean 
Optics USB 2000+ spectrometer and the resulting spectrum was recorded, via a 
USB, on a Panasonic Toughbook laptop.  After a spectrum of the background 
light was measured, a piece of aluminium foil was placed in between the visible 
lamp and the integrating sphere to block out any light so a dark spectrum could 
also be recorded.  The integration time was adjusted to produce the best spectrum 
values, and the spectrometer undertook 10 measurements and averaged the results 
before printing the spectrum to screen.  To minimise risk of moving the ISSS a 
UV lamp was not used, instead the visible lamp was saturated to produce a clearer 
absorption value between 300–400 nm.  Once the background and dark spectra 
had been measured (both saturated and unsaturated), the blank filter was removed 
and a sample filter was position on the base.  Ten separate spectra of the sample 
filters were taken the results were averaged to produce a better absorption value 
(in addition to the averaging undertaken by the spectrometer).  The process was 
repeated for all sample and comparison filters.  Examples of the intensity spectra 
detected for the comparison filters can be seen in Figure 4.11. 
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Figure 4.11.  Background spectra of all 7 calibration solutions. 
 
To determine the absorption by the sample filters, all spectra were divided by the 
integration time and then the dark spectra was removed from the correlating blank 
and sample filters.  The absorption measured by the blank filter was removed 
from the sample filter absorption spectrum, thus all background noise experienced 
during measurements was removed.   The absorption spectra for filters (Figure 
4.12) was a combination of unsaturated and saturated absorption spectra and the 
‘bump’ at 500 nm shows the join between the two spectra.  The visible lamp was 
used for both the unsaturated and saturated absorption instead of using a UV lamp 
measure below 500 nm in wavelength to avoid changing lamps and therefore 
having calibration problems.  
!"#$%&'()*(+,#-.(!#'/01(!01-&1%'#%2013(21(45#,/#'6(#16(71%#'-%2-(4108$#-.3(
(
( ( (
9:;(
 
Figure 4.12.  Absorption spectra of all 7 calibration solutions.  The transition point between the 
two spectra occurs at 500 nm.   There noise around 350 nm is due to lack of light from the lamp 
point.  The black carbon standard used in further calibration measurements is solution 4 and the 
absorption spectum is perfectly flat. 
 
4.6 Results 
4.6.1 Comparison Filters 
Calibrations of the ISSS system were based on a set of seven comparison filters 
with a series of loadings (g cm
-3
) of commercially produced black carbon.  The 
comparison filter loadings spanned a range sufficiently sized to produce 
sensitivity curves of the ISSS for the field filter samples.  The average 
concentration of the stock solution was 2 ! 10
-3
 g cm
-3
.  The black carbon 
concentrations of the individual comparison filters are shown in Table 4.1.   The 
mass of the black carbon on the filter was calculated by multiplying the 
concentration of black carbon in solution by the volume of solution filtered. 
Change in unsaturated and saturated spectra 
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Solution Concentration of black 
carbon in solution 
/g cm
-3
 
Mass of black 
carbon on filter 
/ g 
1 2.29 ! 10
-3
 0.287 
2 1.15 ! 10
-3
 0.143 
3 5.73 ! 10
-4 
0.072 
4 2.87 ! 10
-4 
0.036 
5 1.43 ! 10
-4 
0.018 
6 7.16 ! 10
-5 
0.009 
7 3.58 ! 10
-5 
0.004 
 
Table 4.1.  Comparison filter black carbon concentrations. 
 
The light transmitted through the comparison filter (FC) was compared with the 
signal received for the blank filter (FB) and the relative absorption is expressed as: 
 
absorption = ln(F
C
(!) / F
B
(!))   (E 4.1) 
 
The calibration curves over wavelength for the comparison filters are shown in 
Figure 4.13 and the errors for the individual comparison filters can be seen in 
Table 4.2. 
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Figure 4.13.  Calibration filters using solutions 1-7. 
Absorption error Concentration 
of black 
carbon  
/ g cm
-3 
! = 350 nm ! = 400 nm ! = 500 nm ! = 600 nm ! = 700 nm 
2.29 " 10
-3
 3.72 0.0114 0.000102 4.76 e-05 4.76 e-05 
1.15 " 10
-3
 0.0169 0.000480 0.00168 0.000540 0.000434 
5.73 " 10
-4 0.00785 0.000491 5.27 e-06 3.12 e-06 8.13 e-06 
2.87 " 10
-4 0.00290 0.000165 4.42 e-06 2.14 e-06 2.15 e-06 
1.43 " 10
-4 0.00184 0.000322 1.18 e-05 5.41 e-06 4.63 e-06 
7.16 " 10
-5 0.00514 0.000219 1.04 e-06 4.02 e-06 2.17 e-06 
3.58 " 10
-5 0.00329 7.17 e-05 1.27 e-05 8.08 e-06 4.56 e-06 
Table 4.2.  Absorption errors for calibration curves of comparison filters. 
 
Multiple loadings of different concentrations were needed as the response of the 
system deviates from the Beer-Lambert law (Grenfell et al., 2011).  A power law 
(E4.2) was fitted to the comparison filters as it re-produces the calibration curve to 
within the accuracy of the measurement.  
Absorbance = 0 + (6.3918 ± 0.363)[BC]
(0.80543 ± 0.0337) (E4.2) 
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Figure 4.14.  Calibration markers with a power fit using 600 nm.  Absorbance = 0 + (6.3918 ± 
0.363)[BC]
(0.80543 ± 0.0337).  The absorption is on a ln scale.  [BC]!A
x
. 
 
Table 4.3 shows the results of comparing the sample filters with the comparison 
filter sheet in the field to judge the black carbon mass ratio by eye. 
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Location Site 
number 
Average black carbon mass 
ratio 
/ng g
-1
 
Hercules Neve  <11 
Nansen Ice sheet  <11 
Dryglowski Ice Tongue  ~11 
Hell’s Gate  ~11 
Lappbreen 1 45 
 2 11 
 3 15 
 4 15 
 5 11 
 6 15 
Lappbreen slope 1 34 
 2 76 
 3 30 
 4 94 
 5 73 
 6 19 
Snow pit 1 Layer 1 23 
 Layer 2 11 
 Layer 3 30 
Snow pit 2 Layer 1 34 
 Layer 2 30 
 Layer 3 45 
Lulefjellet 1 45 
 2 114 
 3 76 
 4 40 
 5 46 
 6 114 
Table 4.3.  Black carbon mass ratios for individual sites determined by comparing comparison 
sheet with sample filters and averaging the value for each site.  The original field comparison sheet 
did not show black carbon mass ratio of <11 ng g
-1
 therefore this was the minimum value assigned. 
 
4.6.2 Oscar II Land 
All the data presented here are the worked up raw data.  Stray light and electrical 
noise cause significantly less confidence in the data for wavelengths less than 350 
nm and the data should not be used without extreme caution, however, snow 
photochemists have a strong interest in the wavelength region and so the raw data 
are presented.  An example absorption spectrum for each sample region has been 
shown and the other absorption spectra can be found in Appendix 4. 
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4.6.2.1 Lappbreen Transect 
The transect was across the Lappbreen glacier from one side to another on a 
specific bearing (Figure 4.15).  The gradient of the glacier started off gently (~1 in 
10) and became steeper through the transect (~2 in 10).  Snow samples become 
icier throughout the transect.  The transect used for sampling traversed from a 
high altitude on the glacier to a low altitude (i.e. across and down the glacier). 
 
 
Figure 4.15. Map showing the location of the Lappbreen transect. 
 
Figure 4.16 shows the absorption spectrum made from snow sampled along the 
transect.  Each graph has been labelled with a subjective qualitative data quality 
score; A means the quality of data is good, B means the quality of data is 
subjective and C means the quality of data is poor.  The filters were sampled by 
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‘young explorers’ on the expedition and the data quality is based on my 
confidence in the data taken by individuals. 
 
Sampling site 1 of the Lappbreen transect (Figure 4.16) was situated beside a lake 
at 0 m along the transect.    
 
Figure 4.16.  Absorption spectrum of site 1 of the Lappbreen transect.  Data quality = A. Black 
carbon absorption factor = 1.2. 
 
The maximum black carbon absorption was calculated by multiplying the 
comparison black carbon solution 4 by a factor until the maximum black carbon 
absorption aligns with the minimum filter absorption around 600 nm.  
 
The absorption spectra for other sample sites along the Lappbreen transect can be 
found in Appendix 4, section A4.2.1.1. 
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4.6.2.2 Lulefjellet Transect 
The transect was taken on a small sheltered glacier near the moraine between 
Lulefjellet and Samebreen (Figure 4.17).  The centre of the glacier contained a 
high concentration of meltwater. 
 
Figure 4.17.  Map showing the location of the Lulefjellet transect. 
 
Sampling site 1 (Figure 4.18) was located on a shaded icy slope at 0 m along the 
transect. 
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Figure 4.18.  Absorption spectrum of site 1 of Lulefjellet transect.  Data quality = A.  Black 
carbon absorption factor = 0.1.  Slightly influenced by stray light under 400 nm. 
 
The absorption spectra for other sample sites along the Lulefjellet transect can be 
found in Appendix 4, section A4.2.1.2. 
 
4.6.2.3  Lappbreen Slope Transect 
The transect was taken of fine-grained snow on slope.  The snow had a density of 
~0.2 g cm
-3
.  The transect was taken up the snow slope at the side of Lappbreen 
towards the moraine peak between Lappbreen and Lulefjellet (Figure 4.19).  It 
was noted that the top section of snow on the slope had melted significantly in 
comparison to the bottom section on days surrounding the measurement period, 
this is an indication of temporary snow cover and could be used to see if black 
carbon concentrates in illuminated snow. 
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Figure 4.19.  Map showing the location of the Lappbreen slope transect 2. 
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Sampling site 1 (Figure 4.20) was collected at the bottom of the slope. 
 
Figure 4.20.  Absorption spectrum for site 1 of the Lappbreen slope transect.  Data quality = B.  
Black carbon absorption factor = 0.2. 
 
The absorption spectra for other sample sites along the Lappbreen slope transect 
can be found in Appendix 4, section A4.2.1.3. 
 
4.6.2.4  Snowpits 
The snowpits were located to the top of the Lappbreen slope near site 6 (Figure 
4.19).  The two snowpits were dug side-by-side.  Layers 1 and 2 consisted of fine-
grained snow with a density of ~0.2 g cm
-3
 and layer 3 was an icy layer with a 
density of ~0.5 g cm
-3
. 
 
Figures 4.21 – 4.23 show the individual snow layers for snowpit 1 and Figure 4.24 
shows all 3 snow layers together.  Similar graphs showing the absorption 
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spectrum of individual snow layers and all 3 snow layers together for snow pit 2 
can be found in Appendix 4, section A4.2.1.4. 
 
 
Figure 4.21.  Absorption spectrum for layer 1 of snowpit 1 located on the slope of Lappbreen.  
Data quality = A.  Black carbon absorption factor = 0.17. 
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Figure 4.22.  Absorption spectrum for layer 2 of snowpit 1 located on the slope of Lappbreen.  
Data quality = A.  Black carbon absorption factor = 0.12. 
 
 
Figure 4.23.  Absorption spectrum for layer 3 of snowpit 1 located on the slope of Lappbreen.  
Data quality = A.  Black carbon absorption factor = 0.18. 
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Figure 4.24.  Absorption spectrum for layers 1, 2 and 3 of snowpit 1.   
 
4.6.2.5  Bertilryggen 
The snow sample was taken from a small snow patch just below the peak of 
Bertilryggen (Figures 4.25 and 4.26). 
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Figure 4.25.  Map showing location of Bertilryggen snow sample. 
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Figure 4.26.  Absorption spectrum for snow sample taken from snow patch near the peak of 
Bertilryggen.  Data quality = A.  Black carbon absorption factor = 0.4. 
 
4.6.3 Victoria Land, Antarctica 
4.6.3.1 Dryglowski Ice Tongue 
The Dryglowski Ice Tongue sampling site was located at 75°27.267 S, 
164°29.321 E and an altitude of 30 m (Figure 4.27).  The sampling surface 
consisted of mixed forms of faceted and rounded particles (Figure 4.28).  The 
temperature taken between 0-5 cm depth in the snowpack ranged from -5.5 to -6.2 
°C. 
!"#$%&'()*(+,#-.(!#'/01(!01-&1%'#%2013(21(45#,/#'6(#16(71%#'-%2-(4108$#-.3(
(
( ( (
9:9(
 
Figure 4.27.  Map showing the location of the Dryglowski Ice Tongue. 
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Figure 4.28.  Stratigraphy of the sample site at the Dryglowski Ice Tongue. 
 
Figure 4.29.  Absorption spectrum for Dryglowski ice tongue.  Data quality = A.  Black carbon 
absorption factor = 0.07. 
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4.6.3.2  Hell’s gate 
The Hell’s gate sampling site was located at 74°51.299 S, 164°51.909 E and at an 
altitude of 30 m (Figure 4.30).  The sampling surface was a heterogeneous 
melting surface (Figure 4.31).  The temperature was 0.2 °C at a depth of 2 cm in 
the snowpack. 
 
 
Figure 4.30.  Map showing the location of Hell’s gate. 
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Figure 4.31.  Stratigraphy of the sample site at Hell’s gate. 
 
Figure 4.32.  Absorption spectrum for Hell’s gate.  Data quality = A.  Black carbon absorption 
factor = 0.13. 
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4.6.3.3 Nansen Ice Sheet 
Two snow samples were taken on the Nansen ice sheet at a location of 74°45.143 
S, 164°55.987 E and an altitude of 15 m (Figure 4.33).  The snow surface was ice 
from melted snow on the ice shelf (Figure 4.34). 
 
 
Figure 4.33.  Map showing location of the Nansen Ice sheet. 
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Figure 4.34.  Snow stratigraphy of sampling site 2 on the Nansen ice sheet. 
 
Figure 4.35.  Temperature profile of sampling site on the Nansen ice sheet. 
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Figure 4.36.  Absorption spectrum for snow sample 2 taken on the Nansen ice sheet.  Data quality 
= A.  Black carbon absorption factor = 0.2. 
 
4.6.3.4  Hercules Neve 
The Hercules Neve sampling site was located at 73°11.109 S, 164°45.730 E and 
an altitude of 2957 m (Figure 4.37).  The surface snow was quite homogenous, 
aged snow consisting of small rounded grains (Figure 4.38). 
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Figure 4.37.  Map showing the location of Hercules Neve. 
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Figure 4.38.  Snow stratigraphy at the sampling site on Hercules Neve. 
 
Figure 4.39.  Temperature profile for the sampling site on Hercules Neve. 
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Figure 4.40.  Absorption spectrum for Hercules Neve.  Data quality = C.  Black carbon absorption 
factor could not be fitted to the graph as the data quality was too poor. 
 
4.7 Discussion 
The discussion will focus on 3 main areas:  (1) light-absorbing impurities seen 
within the snow, (2) factors influencing black carbon concentration within snow 
and the impacts, (3) comparison between judgement by eye and measurement 
using integrating sandwich sphere, (4) a comparison with previous studies and (5) 
the quality of the data gathered in the study presented here. 
 
4.7.1 Light-absorbing impurities within snow 
The main sources of organic carbon to the atmosphere and to snowpack are 
anthropogenic activities and biomass burning (e.g. Hegg et al., 2009; Goldberg, 
1985; McConnell et al., 2007), the optical parameters of organic carbon from 
biomass burning aerosols have been reported by Kirchstetter et al. (2004).  Brown 
carbon, which includes HULIS (Humic Like Substances), is highly abundant yet a 
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weaker absorber of visible light than black carbon which has the highest 
absorption cross-section among carbonaceous constituents of aerosols and 
therefore contributes significantly to atmospheric absorption by aerosols (e.g. 
Hoffer et al., 2006).  France et al. (2012) demonstrated that black carbon alone 
could not account for all the absorption seen in Barrow snowpacks and an 
additional absorption by HULIS and other chromophores was necessary to 
explain variation of the cross-section of light-absorbing impurities in snowpack, 
!
abs
+
, with wavelength.  A similar situation can be seen in the work presented 
here, the light-absorbing impurities in the Svalbard and Antarctic snow can be 
fitted to black carbon but a combination with another absorber is required to 
explain all absorption i.e. soil, HULIS, mineral dust, red algae.  Doherty et al. 
(2010) also calculate that ~20-50 % of the light-absorbing particles in the 
snowpack studied is by non-black carbon constituents.  The total amount of light-
absorbing impurity in the snow from Svalbard and Antarctica is not constant over 
350-700 nm and therefore assumptions about the absorber identity have been 
made that the black carbon mass ratios presented here are a maximum and other 
light-absorbing impurities are needed to fully explain snowpack absorbtion. The 
work in this chapter shows that estimated concentrations of black carbon in snow 
can be calculated using the filtration method, however, the values depend on the 
location and physical characteristics of the absorber.  Owing to the glacial 
location of the sampling sites it was hard to determine the other light-absorbing 
impurities within the filter samples, i.e. it could have been dust, HULIS, red 
algae; therefore only black carbon has been fitted to the graphs presented in 
section 4.6. 
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4.7.2 Factors influencing black carbon concentration and their impacts 
4.7.2.1  Water 
Svalbard shows a high temporal black carbon variability (Doherty et al., 2010).  
The samples taken at 0 m on the Lappbreen transect (Figure 4.15) were situated 
near to a glacial lake, the samples taken at 0 m on the Lulefjellet transect were 
taken near a water accumulation area.  Doherty et al. (2010) discovered that after 
the Svalbard melt season, black carbon concentrations in the surface snow 
increased from 18 ng g
-1
 to 56 ng g
-1
, indicating that there was incomplete 
removal of the black carbon with melt water.  For the work presented here, the 
areas near stagnant water represent snow after the seasonal melt.  Meltwater 
channels could be found on the Lappbreen glacier in central areas indicating that 
part of the glacier was still undertaking seasonal melt.   
 
The Arctic Climate Impact Assessment (2004) noted that seasonal weather 
patterns are changing with observed changes in timing, length and character of 
season including more rain in autumn and winter, and more extreme heat in the 
summer.  If the trend continues, the melt season will increase in length causing an 
increased transportation of black carbon from the snow and thus lowering black 
carbon concentrations found within snowpacks during the melt season.  After the 
melt season, any black carbon not removed will accumulate in the surface snow, 
lowering snow albedo and increasing snow melt. 
 
4.7.2.2 Aspect 
Wind movement will have a large effect on the concentration of black carbon 
found within snowpacks.  A glacier with a strong prevailing wind will see greater 
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snow movement therefore allowing black carbon to be transported to other areas 
along the glacier.  A glacier with little wind action will allow snow to accumulate 
thus little transport of black carbon to surrounding areas will occur.  The terrain 
surrounding a glacier will determine the wind effect.  A sheltered glacier such as 
Lulefjellet should show a higher black carbon concentration than an exposed 
glacier such as Lappbreen. 
 
Slope gradient will have an affect on black carbon concentration.  Snow on a 
steep slope is less stable than on a shallower slope, thus it is more vulnerable to 
melting and movement.  Any black carbon within the snow will be transported 
until it settles at a more stable gradient.  At shallower gradients, snow will 
accumulate causing an increase in black carbon concentrations. 
 
4.7.2.3  Snow Type 
Each snow layer signifies a different depositional event.  The Arctic Climate 
Impact Assessment (2004) predicts there will be more freezing rain and an 
increasing frequency of freeze-thaw cycle causing hard-packed snow.  Black 
carbon concentrations are higher in icy layers (Figure 4.23) due to reduced 
amounts of transportation.  Taking the Arctic Climate Impact Assessment (2004) 
predictions of a regime change to hard-packed snow into account, and combining 
it with the investigative results shown in Figure 4.23, it seems likely that there 
will be an increase in black carbon concentrations in Svalbard snow in the future. 
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4.7.2.4  Variability of measurements and proximity to sources 
Black carbon concentrations are more variable in the Eastern Arctic than for the 
Alaskan/Arctic ocean thus reflectivity a close proximity to sources (Doherty et al., 
2010).  Previous literature implies there are no previous black carbon 
measurements in Oscar II Land, Svalbard.  Clarke and Noone (1985) and Doherty 
et al. (2010) conducted prior measurements in Svalbard using the technique 
described in this chapter at Ny-Alesund, a research station (78° 55’ 60 N, 11° 56’ 
60 E).  The black carbon concentration medians measured were 22 ng g
-1
 (Clarke 
and Noone, 1985) and 14 ng g
-1
 (Doherty et al., 2010).  The black carbon 
concentration medians recorded by Clarke and Noone (1985) and Doherty et al. 
(2010) are taken from many sites over Svalbard, whilst the investigation presented 
in this chapter focuses on a small region of Oscar II Land.  The different in study 
area is dictated by transport, budget and style of expedition.  However, given the 
spatial diversity of Svalbard, it seems erroneous to generalize the black carbon 
measurements. 
 
The Arctic Climate Impact Assessment (2004) predicts that summer temperatures 
may jump from 9.8-15.3 °C in the Arctic, increasing forest fires by as much as 80 
% over the next 100 years.  A rise in the number of forest fires will release more 
black carbon into the atmosphere therefore increasing the change of black carbon 
being deposited within Svalbard snowpacks and glaciers.  Black carbon emissions 
from China and India alone account for 25-35 % of global emissions 
(Ramanathan and Carmichael, 2008).  With increasing industrialisation, the 
proximity of black carbon sources will become close to Svalbard and the local 
black carbon concentration will increase.  Increasing the black carbon will lower 
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the snow albedo (Warren and Wiscombe, 1985), decrease e-folding depth and 
reduce depth-integrated production rates within snowpacks (France et al., 2012; 
Reay et al., 2012). 
 
4.7.3 Judgements by eye and integrating sandwich sphere 
The mass of black carbon on the comparison filter can be used to calculate the 
mass ratio of black carbon on the sample filter, using the absorption measured by 
the ISSS (E4.33). 
m
n
BC
= m
o
BC
A
n
A
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'
    (E4.3) 
where m
n
BC
 is the mass of black carbon on the sample filter, m
o
BC
 is the mass of 
black carbon on the comparison filter, An is the absorption due to black carbon on 
the sample filter, Ao is absorption measured using the comparison filters (6.3918) 
and ! is the power stated in Equation 4.2 (0.80543). 
 
Calculations made using E4.3 are not comparable to the black carbon mass ratios 
judged by eye using the comparison sheet.  The values are also not comparable to 
measurements by previous studies using the same technique.  An extreme 
example of the discrepancy:  The black carbon mass ratio judged by eye at 
Lappbreen, site 1 is 45 ng g
-1
, the value of black carbon mass ratio calculated 
from the absorption spectrum of the filter is 11845 ng g
-1
.  There are three 
possible reasons for this discrepancy: human error, the diffusing environment 
inside the ISSS is not diffuse enough, and the black carbon was more absorptive 
than expected.  As the comparison sheet values correlate with values measured by 
previous studies it seems unlikely that the black carbon is absorbing light in an 
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unaccounted manner, i.e. light is being absorbed as expected.  As the sample 
filters have now degraded too much to repeat the measurements, future 
investigations need to conduct a series of measurements using the ISSS to 
establish the problem.  
 
4.7.4 Previous Studies 
Doherty et al. (2010) conducted a similar study to the work presented here across 
larger regions of the Arctic.  In March-April 2007 and April 2009 Doherty et al 
(2010) sampled snow around Ny-Alesund, Svalbard (78.9° N, 11.9° E), a region 
further north than Oscar II land.  The samples were taken on tundra and glaciers 
and an equivalent black carbon value was calculated as 18 ± 12 ng g
-1
 with a 15 % 
variability on black carbon values measured for Svalbard calculated (Doherty et 
al., 2010).  The range of values, in this chapter, determined using the comparison 
sheet for Svalbard is 11–114 ng g
-1
 with a mean value of 45 ng g
-1
.  The average 
value of black carbon mass ratio measured here is larger than the values measured 
by Doherty et al. (2010) but many black carbon mass ratio fall within error of the 
Doherty et al. (2010) equivalent black carbon value.  None of the snow sampled 
by Doherty et al. (2010) had experienced melt as the sampling was undertaken in 
spring time and snow from Svalbard indicated a larger role of fossil-fuel aerosol 
than other sites measured in the study.  Flanner et al. (2007) and Hansen et al. 
(2005) hypothesize that melting concentrates black carbon at the snow surface 
thus the value measured in Svalbard for this chapter would be expected to be 
larger than those measured by Doherty et al. (2010). 
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4.7.5 Data Quality 
The work presented in this chapter was outreach and also research.   
 
4.7.5.1 Field Data Quality 
Several influences on the quality of the data taken in the field are listed below: 
1. Owing to the outreach element of the work, the samples were not always 
taken or filtered by the same person and therefore with varying skill and 
ability, variations in method procedure were introduced.   
2. The sampling was undertaking within a challenging expedition 
environment with limited weight restrictions on equipment as it all had to 
be carried in backpacks along with personal kit, plus with no 
transportation only sites that were accessible by foot could be sampled.  
No electrical sources or batteries were accessible. 
3. In the cold Arctic climate the snow took a while to melt thus, in 
conjunction with the weight restrictions, only one transect could be 
undertaken per day.  To increase the number of transects per day and 
introduce a non-carbon production melting method, a larger amount of 
sample pots would have been needed therefore adding to the overall 
equipment weight. 
4. Red algae is abundant throughout glacial snow in the summer.  The 
sampling process was biased by making efforts to gather snow samples 
away from icy areas, areas containing red algae and only including 
absorbing filters. 
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4.7.5.2 Laboratory Data Quality 
Several factors influencing laboratory data quality are listed below: 
1. The sample is unevenly distributed on the Nuclepore filter so to minimise 
the bias when measuring the absorption using the integrating sandwich 
sphere, each sample filter was measured 10 times then a mean absorption 
was calculated.   
2. When using the integrating sandwich sphere, instrumental noise and 
instability, i.e. the temperature, conditions and time of measurement, can 
affect the absorption value as demonstrated in Figure 4.20. 
3. Figures 4.13 and 4.14 show the absorption spectra of the calibration filters.  
It can be seen that solution 1 gives a large absorption i.e. the absorption is 
greater than 1, therefore this filter should be used with caution as Beer-
Lambert may not be reliable (Grenfell et al., 2011) 
 
4.8 Conclusions 
• Non-black carbon impurities in the snowpack have a large absorption 
cross-section at the short solar wavelength, responsible for photolytic 
reactions in the snowpack, therefore it is important to accurately account 
for the spectrally resolved absorption by both black carbon and non-black 
carbon impurities in the snowpack. 
• Spatial features create a large variation in black carbon concentrations and 
therefore only local black carbon concentrations can be determined using 
this technique. 
• Black carbon concentrations are affected by slope angle, aspects of the 
sampling locations, presence of melt water and snow type. 
!"#$%&'()*(+,#-.(!#'/01(!01-&1%'#%2013(21(45#,/#'6(#16(71%#'-%2-(4108$#-.3(
(
( ( (
9:;(
• The proximity of black carbon sources are likely to increase in the future 
thus giving rise to the increasing concentration of black carbon in snow. 
!"#$%&'()*(+,,&,,-&.%(/0(12342'&5%2/.#6(7&06&5%#.5&(89.5%2/.(
( ( (:);(
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
Chapter 5 
 
Assessment of Bi-Directional Reflectivity Distribution 
Function Measurements in Cold Climates 
 
5.1 Introduction 
Snow has the highest albedo of any naturally occurring and spatially extensive 
surface on Earth therefore more solar radiation is reflected from snow-covered 
areas than any other surface (Dumont et al., 2010; Painter et al., 1998).  The 
albedo of snow has a significant influence on the radiation budget of the Earth and 
the areal extent of snow cover may be an indicator of climate change.  Thus, 
measurements of the surface reflectivity are needed to accurately calculate the 
radiation budget of areas covered in permanent or seasonal snow (Budyko, 1969; 
Cubasch and Cess, 1990; Gleick, 1987, Jin et al., 2008).  For climate modelling, 
an accurate assessment of reflected solar radiation over snow and ice covered 
ocean is needed as the solar energy partitioning between the atmosphere and the 
ocean is critical (Curry, 1995; Ledley, 1991; Walsh, 1993).  Albedo of snow is 
governed by several factors such as solar zenith angle, size of the snow grains, 
liquid water content and impurities within the snowpack (e.g. Aoki and Tanaka, 
2008; Aoki et al., 1999; 2000; 2006; 2007; Flanner et al., 2007; Grenfell et al., 
1994; Motoyoshi et al., 2005; Tanikawa et al., 2006; 2009; Warren and 
Wiscombe, 1980; Wiscombe and Warren, 1980).  The spectral signature of the 
reflectance of clean snow is characterised by moderate reflectance in the near-
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infrared and almost 100% reflectance at visible wavelengths whereas ice is 
moderately absorptive in the near-infrared and highly transparent in the visible 
wavelengths (Painter et al., 2004).  The IPCC report (2007) highlighted surface 
albedo as a radiative forcing term affected by land use and black carbon in snow.  
Hansen and Nazarenko (2004) suggest that radiative forcing could be as high as 
+0.3 W m
-2
 for the Arctic.  With climatic change, the albedo of the polar oceans 
(both Arctic and Antarctic) may change due to a change in the position of the ice 
margin, the ice concentration within the pack, the mixture of ice types or a change 
in snow cover, depth and wetness (Brandt et al., 2005).  
 
Recent evidence has shown that snowpack is highly photochemically active as 
reactive trace gases from photolysed snowpack impurities are released into the 
boundary layer of the overlying atmosphere (Fuhrer et al., 1996; Grannas et al., 
2007; Honrath et al., 1999; Sumner and Shepson, 1999).  Emissions from snow 
influence the concentration of chemicals within the atmosphere and have been 
shown to be fundamental in driving local and regional boundary layer chemistry 
(e.g. Beine et al., 2002b; Fuhrer et al., 1996; Grannas et al., 2007; Honrath et al., 
1999; Jacobi et al., 2004a; Low et al., 1990; Mulvaney  et al., 1998; Neftel et al., 
1985; Sumner and Shepson, 1999; Thomas, 2012).  Post-depositional 
photochemical processes need to be considered in the interpretation of ice cores as 
a proxy for past atmospheric chemical concentrations (Grannas et al., 2004; 
Wolff, 1995).  Any process that influence the concentration of active chemicals in 
the atmosphere have important implications for regional tropospheric chemistry 
and can lead to sea-ice loss through warming effects (Hansen et al., 2005; Jones et 
al., 2000).  Antarctica is remote from major pollution sources in comparison to 
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the Arctic and therefore photochemical emissions from snow may be more 
influential (Jones et al., 2000). 
 
To study the influence of snow cover changes on climate, a better understanding 
of albedo and its behaviour with solar zenith angle, wavelength and snow physical 
properties is needed (Xie et al., 2006).  Taking into account the high spatial and 
temporal variability of albedo, remote sensing is used to measure the reflectivity 
of the snow surface yet remote sensing sensors measure the bi-conical reflectance 
not albedo (Dumont et al., 2010).  To calculate the spectral albedo from bi-conical 
reflectance, the angular distribution of the reflected radiation on snow must be 
known (Dumont et al., 2010; Li et al., 2007; Warren et al., 1998).  If both the 
solid angles of light and view are infinitesimal, the bi-conical reflectance is called 
the bidirectional reflectance and the angular distribution over the upper 
hemisphere is known as the bi-directional reflectivity distribution function 
(BRDF) (Nicodemus et al., 1977).  Nicodemus (1965) first used the term BRDF 
to describe the intrinsic reflectance properties of a surface, properties that cannot 
be measured directly, it is a theoretical concept that describes directional 
reflectance by relating the contribution of the incident irradiance from a given 
direction to the reflected radiance in another specific direction (Nicodemus et al., 
1977; Schaepman-Strub et al., 2006).   
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Figure 5.1.  Using satellites to detect the reflectivity of snow. 
 
A diagrammatic representation of the relationship between the angle of incidence 
and the angle of reflectance is shown in Figure 5.1.  Reflectivity is dependent on 
wavelength (!), the intensity of reflected radiation is a function of both the 
incident direction ("i, #i) and the reflected direction ("r, #r).  There are two types 
of reflection (Figure 5.2), (1) specular reflection, where the direction of the 
reflected radiation is determined uniquely by the incident angle, and (2) 
Lambertian reflection, where the direction of reflected radiation is uniform and 
therefore completely independent of the incident direction (Petty, 2006).  Specular 
reflection (Figure 5.1) is measured by satellites and can be used to calculate 
BRDF. 
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Figure 5.2.  Reflectance of light with a) specular reflection and b) Lambertian reflection. 
 
Natural surface targets are usually illuminated by the whole hemisphere of the sky 
so receive scattered light from the sky in addition to a direct solar flux therefore 
the measurements presented in this chapter represent hemispherical-conical 
reflectance function (HCRF) not bi-directional reflectivity distribution function 
(BRDF) (Figure 5.1). 
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Figure 5.3.  Terminology used to described reflectance quantities (adapted from Shaepman-Strub 
et al. (2006), Table 2). 
 
Figure 5.3 shows diagrammatic representations for three reflectance terminologies 
associated with the measurements described in this chapter.  To briefly explain 
Figure 5.3: Figure 5.3a is a visual representation of the bi-directional reflectivity 
distribution function (BRDF).  A single incident flux enters the measurement area 
and is reflected as a single reflected flux.  Figure 5.3b is a visual representation of 
the hemispherical-conical reflectance factor.  The incident flux is a combination 
of the whole hemisphere, i.e. light from the sun and sky light, and the reflected 
flux is measured using a sensor with a specific field of view.  The measurements 
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presented in this chapter were taken using one single fibre optic sensor at a time 
and therefore the data is representative of HCRF.  In remote sensing, HCRF is the 
most common field spectral measurement, however it is often encompassed under 
the term BRDF.  Figure 5.3c is a visual representation of the bi-hemispherical 
reflectance factor.  The incidence flux is a combination of whole hemisphere (sun 
and sky) and the reflected flux is also a total hemisphere.  The reflected flux is 
expressed as a proportion of the incident flux on the measurement surface from 
the whole hemisphere.   
 
Reflectance measurements taken under hemispherical conditions, i.e. all outdoor 
measurements, depend on several factors including the scattering properties of the 
observed surface, the surroundings and the topography in expression with 
different wavelengths (Schaepman-Strub et al., 2006).  Several investigations 
have studied hemispherical-directional reflectance of smooth snow on a macro-
scale using the understanding of snow structure and dependencies (Aoki et al., 
2000; Dozier et al., 1988; Kuhn, 1985; Leroux et al., 1998; O’Brien and Munis, 
1975; Steffen, 1987), the effect of macro-scale roughness on the directional 
reflectance of snow using modelling and field measurements (Leroux and Fily, 
1998; Warren et al., 1998) and the effect of morphology on the single-scattering 
phase function and multiple scattering measurement values (Leroux et al., 1998; 
Liou, 1980; Mischenko  et al., 1999).  Schaepman-Strub et al. (2006) highlight 
that natural incidence is composed of 3 components: non-scattering radiation (a 
direct component), a diffuse component scattered by the atmosphere e.g. clouds 
and aerosols, and the surroundings of the observed surface, with atmospheric 
conditions, topography and the reflectance properties of the topography 
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influencing the magnitude and spectral distribution of the diffuse irradiance.  
Reflectance factors can be greater than the value of 1, particularly for strong 
forward reflecting surfaces such as snow (Painter and Dozier, 2004).  The 
reflectance factor is the ratio of the radiant flux reflected by a surface to the 
radiant flux reflected by an ideal and diffuse (Lambertian) standard surface, e.g. a 
spectralon panel, into the same reflected-beam geometry and wavelength range 
under the same conditions (Schaepman-Strub et al., 2006).  All ground surfaces 
have different properties, i.e. surface type, grain size, surface features, which 
control the amount of light reflected (or absorbed) at different wavelengths.  
Satellites are used to measure the reflectance of various surfaces and provide an 
understanding of the reflectivity properties, however the satellite sensor data 
needs to be validated.  Field goniometers such as GRASS allow ground BRDF 
data to be acquired under natural illumination conditions that can be used as a 
ground reference for remote sensing applications and BRDF models (Sandmeier, 
2000). 
 
Using satellites to produce multiangular remote sensing data means that it is 
increasingly important to use ground bidirectional reflectance data as a tool to (1) 
calibrate satellite measurements with ground measurements, (2) validate current 
and develop new, more accurate BRDF models, (3) investigate the physical 
mechanisms of BRDF effects, (4) study the relationship between BRDF effects 
and biogeophysical parameters, (5) compare with BRDF measurements made 
using satellites (Sandmeier, 2000), and (6) developed spectral libraries (Clarke et 
al., 2002) 
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5.2 Aims 
• Record the BRDF of sea-ice and surface snow in and around Tethys Bay, 
Antarctica. 
• Prove that the GRASS system is capable of undertaking measurements in 
polar environments. 
• Assess GRASS as a cold polar field instrument. 
  
5.3 Study Area 
The Italian research base, Mario Zucchelli station (also known as Terra Nova 
Bay), is located at 74° 41’ 42’’ S, 164° 7’ 23’’ E on the western side of the Ross 
Sea (Figure 5.4).  Tethys Bay is a small cove located close to the Mario Zucchelli 
station (Figure 5.5).   
 
Figure 5.4.  Map showing location of Mario Zucchelli Station in Antarctica. 
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Figure 5.5.  Map showing location of Tethys Bay and the Mario Zucchelli Station in Victoria 
Land, Antarctica. 
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Figure 5.6.  A diagram showing the location of Tethys Bay in relation to the Mario Zucchelli 
Station (adapted from Turner and Pendlebury (2004), Figure 7.12.2.1.1).  Note, sea-ice normally 
covers Tethys Bay, yet the sea-ice is free of snow cover. 
 
Two ice tongues (Campbell and Dryglowski) protect Tethys Bay from sea swell 
and the Northern Foothills located to the west shield the bay against katabatic 
winds (Figure 5.6). 
 
5.4  Gonio Radiometric Spectrometer System (GRASS) 
A Gonio Radiometric Spectrometer System (GRASS) was used to measure the 
hemispherical-conical reflectance factor (HCRF) of Tethys Bay sea-ice (Figure 
5.7).  GRASS was a new instrument that needed to be tested before being taken 
on a measurement campaign to Dome C, Antarctica, as it had only been used once 
previously in a Turkish salt flat (i.e. hot and dry environment). 
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Figure 5.7.  The Gonio Radiometric Spectrometer System (GRASS) at Tethys Bay. 
 
The GRASS system is a hemisphere comprised of 7 arms.  On a quarter of the 
hemisphere (arms 1 – 3), 5 fibre optics with 4° field of view lenses were placed on 
each arm at zenith angles of 15°, 30°, 45°, 60° and 75°.  Two fibre optics were 
placed at the nadir, one with a 4° field of view lens to measure upwelling radiance 
and the other with a cosine diffuser to measure downwelling irradiance.  The 
optical fibres are Vis-NIR low OH content with a fibre diameter of 400 !m and 
work most efficiently in the wavelengths of 400-2100 nm.  All fibre optics were 
connected through a multiplexer and a VSWIR to a Panasonic toughbook.  The 
VSWIR system is a dual field of view portable spectroradiometer covering the 
spectral range of 400-1700 nm.  The two spectrometers inside the VSWIR, visible 
and short-wave infra-red, joined at ~900 nm.  The fibre optic sensors on arms 1-3 
and the upwelling radiance fibre optic sensor at nadir were attached to the 
multiplexer via 16 individual fibre ports (Figure 5.8).  A fibre optic inside the 
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multiplexer rotated to align with each individual fibre port thus allowing 
measurement to be taken in turn for each fibre optic sensor.  The upwelling 
radiance (via the multiplexer) and the downwelling radiance (the fibre optic 
sensor placed at nadir) were connected to fibre inputs on the VSWIR and a pair of 
spectra for an individual fibre optic sensor could be acquired within 30 seconds. 
 
 
Figure 5.8.  Close up of fibre optics attached to multiplexer. 
 
5.5  Field Measurement Method 
5.5.1 Setting up GRASS 
Figure 5.9 describes the individual component of the Gonio Radiometric 
Spectrometer System (GRASS) in the final assemblage position.   
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Figure 5.9.   Individual components of GRASS. 
 
GRASS is modular for transportation and has a mass of ~40 kg.  GRASS was set 
up by firstly connecting the base ring together (Figure 5.10) and the 7 arms were 
inserted into the upper base ring at fixed positions, 22.5° apart at the base.  
Attached to arms 1-3 were 5 fibre optics arranged at zenith angle positions of 15°, 
30°, 45°, 60° and 75° and two fibre optics were also attached at the nadir to 
measure radiance and irradiance (Figures 5.10 and 5.11). 
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Figure 5.10.  Setting up the base ring of GRASS.  The structure of GRASS was assembled then 
moved to a fresh snow surface before measurements were taken. 
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Figure 5.11.  Setting up the fibre optics on the arms of GRASS. 
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Figure 5.12.  Close up of fibre optic arrangement along arms of GRASS. 
 
All fibre optics were connected through a multiplexer and a VSWIR to a 
Panasonic toughbook computer thus allowing measurements for the hemisphere 
of GRASS (Figure 5.12). 
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Figure 5.13.  Computer equipment needed to measure reflectivity using GRASS.  The Panasonic 
Toughbook is sitting on top of the VSWIR.  Powered by a portable generator, not seen in 
photograph. 
 
5.5.2  Using GRASS to measure reflectivity 
Measurements were taken in a fixed pattern:  Firstly a measurement at nadir was 
taken followed by the fibre at 15° on arm 1, the fibre at 30° on arm 1, the fibre at 
45° on arm 1, the fibre at 60° on arm 1 and the fibre at 75° on arm 1.  Another 
measurement at nadir was taken and the pattern was repeated for both arms 2 and 
3. 
 
Once a measurement of the quarter of a hemisphere had been taken, the arms were 
rotated 90° and the process was repeated until the whole sphere had been 
measured.  Spectral measurements over a range of wavelengths were acquired as 
digital numbers using GRASS then used to calculate the HCRF of a target.  The 
measurement points lie on the surface of a hemisphere i.e. each measurement 
point is defined by a zenith angle between 0° and 90° and an azimuth angle 
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between 0° and 360°.  Each separate file measured using GRASS contained the 
spectral measurements for a single point.  Reflectance calculations required two 
sets of measurements: one set using the target and one set using a calibrated 
reference panel.  A spectralon reference panel was placed in the centre of GRASS 
beneath the nadir and the measurement sequence was repeated at the same angles 
previously used for the target measurements (Figure 5.14).   
 
Figure 5.14.  An example of the spectralon reference panel position used with GRASS.  Red 
highlights position of reference panel on snow. 
 
The ‘MADAT’ software processed the multi-angular measurement data acquired 
by GRASS and allowed it to be presented in a visual manner.  The reflectance at 
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each wavelength was calculated from the measurement data and the locations at 
which the data was gathered for both the target and the reference panel, using 
equation (5.1). 
 
Rt (!i ," i;!r ,"r ) =
ft (!i ," i;!r ,"r )
fp (!i ," i;!r ,"r )
Rp (!i ," i;!r ,"r )   (E5.1) 
where ft (!i ," i;!r ,"r ) is the measured digital number of the target surface at the 
point (!
r
,"
r
) , fp (!i ," i;!r ,"r ) is the measured digital number of the reference 
panel at the point (!
r
,"
r
) , and Rp (!i ," i;!r ,"r ) is the calibrated reflectance of the 
reference panel (calibrated previous to campaign by NPL). 
 
Linear interpolation techniques generated approximate reflectance values at 1° 
intervals in the azimuth and zenith directions.  The resulting surface was then 
‘visualised’ using 2- or 3-dimensions, measured values could be reflected to form 
a symmetric 2d plot.   
 
Figure 5.15 is an example of four quarter measurements taken for each sector of a 
site.
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Figure 5.15.  Four quarter HCRF measurements made at Tethys Bay at a wavelength of 400 nm.  
The radial distance represents the field of view zenith angle, the rotation about the centres is the 
field of view azimuth angle and the HCRF value is shown by the intensity (indicated on the colour 
scale).  Any forward scattering of light is shown in a downward direction and any back scattering 
of light is shown in an upwards direction. 
 
5.6  Field Measurements in Tethys Bay 
5.6.1  Day 1 
The first day of measurements taken at Tethys Bay using GRASS occurred on the 
11
th
 December 2010.  The location for the measurements was 74° 41.3306 S, 164° 
03.1543 E, the temperatures was -2.4 °C and sky conditions consisted of no cloud 
but high wind.  The sea-ice was > 1 m thick and the measurements surface was 
bare sea-ice with a melting surface (Figure 5.16). 
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Figure 5.16.  Close up of bare sea-ice surface measured using GRASS.  Penguin is useful to 
approximate scale of surface features. 
 
Figure 5.17 and 5.18 show reflected contour plots for site 1 of day 1 at two 
representative wavelengths, 500 nm and 1100 nm respectively.  The radial 
distance of Figures 5.17 and 5.18 represents the field of view zenith angle, the 
rotation about the centres is the field of view azimuth angle and the HCRF value 
is shown by the intensity (indicated on the colour scale).  Any forward scattering 
of light is shown in a downward direction, on Figures 5.17 and 5.18, and any back 
scattering of light is shown in an upwards direction. 
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Figure 5.17.  Reflected contour plots presenting the intensity of reflectivity at 500 nm.  
Reflectivity measurements taken on 11
th
 December 2010 at Tethys Bay.  The HCRF value is the 
intensity (indicated by the colour scale).  The solar zenith angle at which the measurements were 
taken was 52°. Data is averaged to produce symmetrical plot. 
 
Figure 5.18.  Reflected contour plots presenting the intensity of reflectivity at 1100 nm.  
Reflectivity measurements taken on 11
th
 December 2010 at Tethys Bay.  The HCRF value is the 
intensity (indicated by the colour scale).  The solar zenith angle at which the measurements were 
taken was 52°.  Data is averaged to produce symmetrical plot. 
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A complete set of contour plots for the wavelength range of 400–1500 nm for day 
1 can be found in Appendix 5, section A5.2.2. 
 
5.6.2 Day 2 
The second day of measurements taken at Tethys Bay using GRASS occurred on 
the 20
th
 December 2010.  The location for the measurements was 74° 41.3306 S, 
164° 03.1543 E, the temperatures was -2.46 °C and sky conditions consisted of no 
cloud and no wind.  The sea-ice was > 1 m think and the measurement surface 
was sea-ice covered in a faceted snow crystal layer 1-2 cm thick (Figure 5.19). 
 
Figure 5.19.  Close up of the sea-ice surface covered in a 1-2 cm layer of faceted snow crystals 
measured using GRASS.  Penguin is useful to approximate scale of surface features. 
 
Figure 5.20 and 5.21 show contour plots comprised of the 4 GRASS rotations for 
site 1 of day 2 at two representative wavelengths, 500 nm and 1100 nm 
respectively.  The radial distance of Figures 5.20 and 5.21 represents the field of 
view zenith angle, the rotation about the centres is the field of view azimuth angle 
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and the HCRF value is shown by the intensity (indicated on the colour scale).  
Any forward scattering of light is shown in a downward direction, on Figures 5.20 
and 5.21, and any back scattering of light is shown in an upwards direction. 
 
Figure 5.20.  Rotated contour plots presenting the intensity of reflectivity at 500 nm.  Reflectivity 
measurements taken on 20
th
 December 2010 at Tethys Bay.  The HCRF value is the intensity 
(indicated by the colour scale).  The solar zenith angle at which the measurements were taken was 
~53°. 
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Figure 5.21.  Rotated contour plots presenting the intensity of reflectivity at 1100 nm.  
Reflectivity measurements taken on 20
th
 December 2010 at Tethys Bay.  The HCRF value is the 
intensity (indicated by the colour scale).  The solar zenith angle at which the measurements were 
taken was ~53°. 
 
Figure 5.22 and 5.23 show reflected contour plots for site 2 of day 2 at two 
representative wavelengths, 500 nm and 1100 nm respectively.  The radial 
distance of Figures 5.22 and 5.23 represents the field of view zenith angle, the 
rotation about the centres is the field of view azimuth angle and the HCRF value 
is shown by the intensity (indicated on the colour scale).  Any forward scattering 
of light is shown in a downward direction, on Figures 5.22 and 5.23, and any back 
scattering of light is shown in an upwards direction. 
 
 
Figure 5.22.  Reflected contour plots presenting the intensity of reflectivity at 500 nm.  
Reflectivity measurements taken on 20
th
 December 2010 at Tethys Bay.  The HCRF value is the 
intensity (indicated by the colour scale).  The solar zenith angle at which the measurements were 
taken was 57°.  Data is averaged to produce symmetrical plot. 
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Figure 5.23.  Reflected contour plots presenting the intensity of reflectivity at 1100 nm.  
Reflectivity measurements taken on 20
th
 December 2010 at Tethys Bay.  The HCRF value is the 
intensity (indicated by the colour scale).  The solar zenith angle at which the measurements were 
taken was 57°.  Data is averaged to produce symmetrical plot. 
 
Figure 5.24 and 5.25 show contour plots comprised from the 4 GRASS rotations 
for site 2 of day 2 at two representative wavelengths, 500 nm and 1100 nm 
respectively.  Figure 5.22 and 5.23 show the same data presented by a reflected 
contour plot.  The radial distance of Figures 5.24 and 5.25 represents the field of 
view zenith angle, the rotation about the centres is the field of view azimuth angle 
and the HCRF value is shown by the intensity (indicated on the colour scale).  
Any forward scattering of light is shown in a downward direction, on Figures 5.24 
and 5.25, and any back scattering of light is shown in an upwards direction. 
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Figure 5.24.  Rotated contour plots presenting the intensity of reflectivity at 500 nm.  Reflectivity 
measurements taken on 20
th
 December 2010 at Tethys Bay.  The HCRF value is the intensity 
(indicated by the colour scale).  The solar zenith angle at which the measurements were taken was 
57°. 
 
Figure 5.25.  Rotated contour plots presenting the intensity of reflectivity at 1100 nm.  
Reflectivity measurements taken on 20
th
 December 2010 at Tethys Bay.  The HCRF value is the 
intensity (indicated by the colour scale).  The solar zenith angle at which the measurements were 
taken was 57°. 
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A complete set of contour plots for the wavelength range of 400–1500 nm for day 
1 can be found in Appendix 5, section A5.2.3. 
 
5.7  Discussion 
The discussion will be divided into 3 sections:  (1) an evaluation of the 
advantages and disadvantages when using field measurement and satellite data 
retrieval techniques, (2) a comparison between the reflectance data measured 
using GRASS and previous studies calculating reflectance using field 
measurements and satellite data and (3) a detailed examination of the GRASS 
system to assess the ability to capture reflectance data in a polar environment, 
including suggested improvements to the system for future polar work. 
  
5.7.1  Advantages and disadvantages of field and satellite measurements 
Field measurements of HCRF (ground data measurements taken under natural 
illumination conditions) are used to calibrate and validate remote sensing 
instruments and climate models (Sandmeier, 2000; Schaepman-Strub et al., 2006) 
thus reducing uncertainties, however, it is worth considering the advantages and 
disadvantages of both satellite and field measurement techniques. 
 
Optical remote sensing equipment attached to satellites or aircraft typically has a 
narrow field of view and reflected radiance is measured rather than irradiance.  To 
convert the reflected radiance observations to an estimate of irradiance, 
measurements of BRDF are needed (Perovich, 1996).  Each pixel in a satellite 
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observation is limited to a certain angular direction therefore, due to the inherent 
anisotropy of snow reflectance, if the angular dependence of snow reflectance is 
ignored the albedo derived from the remote sensing data may have a large error 
(Jin and Simpson, 2000).  Polar regions usually exhibit a large variety of ice types 
with varying thickness and snow cover resulting in a corresponding large variety 
in values of measured albedo (Brandt et al., 2005).  Satellite observations indicate 
large-scale, high spatial and temporal coverage of albedo that in-situ 
measurements cannot capture (Jin and Simpson, 2000).   
 
There are many advantages and disadvantages of undertaking goniometer field 
experiments, as reviewed by Sandmeier (2000):  Measurements can be taken in 
the natural environment of the target, under natural illumination conditions and 
can be replicated for parts of the target surface but may be affected by 
environmental factors, e.g. wind and varying atmospheric conditions.  An 
identical illumination source, i.e. the sun, for both ground and remote sensing 
measurements increases the comparability of data, however, the illumination 
conditions constantly change with the movement of the sun causing the data 
collection period to be kept as short as possible which may compromise the 
angular sampling resolution. 
 
Stroeve et al. (2001) compared ground-based albedo measurements taken in 
Greenland with remote sensing albedo data from the same area, a better 
agreement between the two sets of measurements was seen at sites where seasonal 
changes in surface conditions occurred producing a large range in albedo, 
compared to sites with constant surface albedo because the measurement 
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uncertainty at the sites exceeded the natural variability.  To improve the 
consistency of albedo measurements, Stroeve et al. (2001) suggested that an 
improved angular model was used to convert the directional reflectance 
measurement to hemispherical albedo. 
 
5.7.2  Comparison with previous studies 
Antarctic sea-ice plays an important part in climate change (e.g. Holland and Bitz, 
2003; Holland et al., 2001; Rind et al., 1995) and therefore knowledge of the 
albedo of Antarctic sea-ice is needed to create accurate climate simulations 
(Meehl and Washington, 1990; Rind et al., 1997).  Sea-ice has an intricate 
structure consisting of an ice matrix with inclusion of brine, air and salts 
(Perovich, 1996).  The inclusions cause sea-ice to be a highly scattering medium 
as the differences between the index of refraction for the inclusions and for the 
surrounding ice creates strong scattering, however, at visible wavelengths, and 
when temperature increases, the scattering inclusion can be larger than the light 
wavelength thus allowing spectral variation to be determined by the absorption 
spectrum of the ice (Barber and Ngheim, 1999; Grenfell, 1983; Perovich, 1996).  
For the measurements taken on day 1 using GRASS, bare sea-ice was measured 
and the contour plots (Figure 5.17 and 5.18) show high values of HCRF indicating 
a large amount of scattering.  For the measurements taken on day 2 using GRASS, 
the target surface was sea-ice covered in 1-2 cm of snow type material and the 
contours plots (Figures 5.20-5.25) show low values of HCRF indicating less 
scattering, however, snow is more scattering than ice (Kong, 1989).  The 
contribution of scattering from snow covering a sea-ice surface depends on the 
roughness, water and brine volumes, dielectric contrast between the ice and its 
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interfaces (air-snow, air-ice, snow-ice) and inhomogeneities within the snow 
(Barber and LeDrew, 1994; Winebrenner et al., 1989).  Snow particle morphology 
can lead to an underestimation of the snow hemispherical-directional reflectance 
factor (HDRF) when using stereological analysis as a larger absorbing volume for 
snow particles is calculated by assuming a spherical shape regardless of the true 
particle shape (Painter and Dozier, 2004).  Stamnes et al. (2011) modelled the 
effect that varying snow layer thickness had on sea-ice reflectance and discovered 
that when the snow layer is thin, the specular reflection is important but as the 
snow layer thickness increases, the direct light component becomes weaker.  Only 
the surface layer affects the anisotropy of the hemispherical-directional 
reflectance factor, larger grain sizes and lower density allow fewer scattering 
events to occur within the surface layer and therefore there is a higher probability 
of photons reaching the absorbing substrate (Nolin et al., 1990; Painter and 
Dozier, 2004).  The e-folding depth (depth at which light decays to ~37% of its 
initial value) of the sea-ice measured in Tethys Bay was ~10 cm, thus to see any 
contributing effect of snow cover on reflectivity the surface snow layer would 
need to be thicker (at least one e-fold).  Snow cover on sea-ice is a major 
characteristic of polar oceans; it is highly reflective of solar radiation and also 
interrupts the energy exchange between the atmosphere and the ocean (Jin and 
Simpson, 2000).  Optically-thin snow can present a problem for remote sensing, 
reflectance differences can be as great as 60% depending on viewing geometry 
and the substrate (i.e. sea-ice) reflectance can significantly influence the snow 
reflectance, particularly at Nadir viewing angles (Nolin et al., 1990).  Dozier et al. 
(1988) used a model to calculate the BRDF of semi-infinite snow, when compared 
to field measurements of BRDF for similar snow a good agreement was seen 
!"#$%&'()*(+,,&,,-&.%(/0(12342'&5%2/.#6(7&06&5%#.5&(89.5%2/.(
( ( (:;<(
between the modelled and measured values.  Nolin et al. (1990) used the same 
model to calculate BRDF of finite depth snow and, when compared to field 
measurements of BRDF, the model was unable to successfully estimate the 
reflected intensity.  Snow particle morphology can lead to an underestimation of 
the snow HDRF when using stereological analysis as a larger absorbing volume 
for snow particles is calculated by assuming a spherical shape regardless of the 
true particle shape (Painter and Dozier, 2004).   
 
De Abreu et al. (1994) calculated a satellite derived surface albedo of snow-
covered sea-ice as 0.68-0.82, yet Jin and Simpson (2000) speculate that studies 
that retrieved snow and sea-ice albedo from AVHRR satellite albedo data (e.g. De 
Abreu et al., 1994; Haefliger et al., 1993; Lindsay and Rothrock, 1997; Nolin and 
Stroeve, 1997; Schweiger et al., 1993; Stroeve et al., 1997) had not generally 
considered and corrected the effect of BRDF on the satellite measurement data.  
In an alternative technique, Brandt et al. (2005) and Briegleb and Light (2007) 
undertook field experiments to measure the albedo of first year sea ice with and 
without snow, bare ice and ponded ice.  Brandt et al. (2005) measured an albedo 
for first year Antarctic sea-ice with a thickness of  >70 cm topped with a thin 
layer (<3 cm) of snow of 0.75 (within the range calculated from satellite data by 
De Abreu et al. (1994)) and an albedo for bare first year Antarctic sea-ice with a 
thickness of >70 cm of 0.49.  Briegleb and Light (2007) measured an albedo for 
bare Arctic sea-ice with a thickness of 2 m of 0.8 and 0.4 at wavelengths of 500 
nm and 1100 nm respectively.  Ponded ice with a thickness of 1.5 m and a pond 
layer of 0.35 m had an albedo of 0.3 at 500 nm (Briegleb and Light, 2007).  Melt 
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ponds on sea-ice occur commonly in the Arctic Ocean but are almost non-existent 
in Antarctica (Andreas and Ackley, 1982).   
 
Painter and Dozier (2004) measured the hemispherical-directional reflectance 
facor (HDRF) of snow in California and at a wavelength of 550 nm, the HRDF 
ranged between 0.8-1.0 for a solar zenith angle of ~50° whilst at a wavelength of 
1030 nm the HDRF ranged between 0.6-0.8 at a solar zenith angle of 50°.  The 
average HCRF measured using GRASS for snow on sea-ice, day 2, at a 
wavelength of 500 nm (Figures 5.20, 5.22 and 5.24) ranges between 0-0.8 and at a 
wavelength of 1100 nm (Figures 5.21, 5.23 and 5.25) ranges between 0-0.6.  The 
range of HCRF values measured using GRASS are more extensive and lower at 
both 500 nm and 1100 nm in comparison to the HDRF value observed by Painter 
and Dozier (2004).  The Californian snow measured by Painter and Dozier (2004) 
was thick in comparison to the snow measured in Antarctic therefore the sea-ice 
under the snow measured using GRASS may have influenced the Antarctic HCRF 
values. 
 
The Antarctic measurements taken on day 1 for bare sea-ice (Figures 5.17 and 
5.18) show an average HCRF range of 0-1.2 at both 500 nm and 1100 nm.  The 
greater range in HCRF values taken on day 1 in comparison to day 2 
measurements are indicative of the increased scattering caused by inclusions in 
sea-ice.  However, as the scatterers can be larger than the light wavelength, the 
absorption spectrum of ice should determine the spectral variation (Grenfell, 
1983).  The absorption spectrum of ice shows a minimum absorption (and 
therefore a maximum scattering) at 470 nm and a maximum absorption (therefore 
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a minimum scattering) at 1030 nm (Grenfell and Perovich, 1984; Grenfell et al., 
1994), two features that are not represented in the HCRF values for day 1. 
 
5.7.3  Developments for GRASS to improve polar field measurements 
In the section presented here, developments for GRASS will be discussed with a 
view to improving the quality of measurements in future polar field campaigns.  
The focus of the discussion will be on the ability of using GRASS to undertake 
quality polar HCRF measurements and measurement a variety of target surface 
locations.  Most of the suggestions made here had been implemented before 
GRASS was used on another polar campaign at Dome C, Antarctic. 
 
5.7.3.1  Access to field study areas 
Owing to the coastal location of the Mario Zucchelli station, most fieldwork was 
conducted by using a helicopter to fly to surrounding locations.  The GRASS 
measurements were restricted to Tethys Bay as it could be accessed by motor 
vehicles because GRASS was unable to be flown by helicopter.  The weight of 
GRASS was not over the helicopter limit but it needed to be slung below the 
helicopter and due to a recent accident at a nearby base, stricter helicopter 
operational procedures were enforced including a reduced weight limit and the 
rule that equipment could not be hung below the helicopter whilst passengers 
were aboard.  The stricter operational procedures meant that two helicopters 
would have been needed to transport GRASS and that was not possible.   
 
The power requirement of the multiplexers was larger in the cold weather.  
GRASS was unable to be powered by batteries as the multiplexers used in the 
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system were power hungry and the batteries could not provide enough power, a 
generator was used to run the system instead.  The use of a generator compounded 
the decision to limit GRASS measurements to Tethys Bay as generators cannot be 
carried inside a helicopter for safety reasons so two helicopters would be needed 
and as previously mentioned two helicopters were not available.  
 
Using Tethys Bay as the measurement site solved transportation issues because 
the bay was accessible by car but as the sea-ice was in a melting phase it was not 
possible to leave GRASS in situ between measurements therefore GRASS had to 
be constructed and de-constructed between days of measurements.  The system 
was not designed for multiple constructions as it was a lengthy process (over 1 hr) 
to assemble the system and it took around 45 mins to disassemble when the 
measurements have been concluded.  In cold conditions, simple tasks, such as 
slotting the metal pieces of GRASS together, took longer because the material 
itself was very cold, gloves had to be worn to protect hands from frostbite and 
fingers lost dexterity.  To combat the assemblage problems, GRASS should be 
used in an area where it can remain permanently erected for the measurement 
campaign.  Dome C was an ideal location for measurements as GRASS could be 
left as a whole for the campaign plus there were a variety of measurement areas 
surrounding Dome C accessible by foot or snow mobile. 
 
5.7.3.2  Cold Weather 
GRASS was designed for use in warm, desert conditions and the aim of the 
fieldwork in Antarctica was to prove that GRASS was capable of taking 
measurements in polar conditions.  As GRASS had not been originally designed 
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for polar fieldwork, elements of the system struggled with the low temperatures.  
The multiplexer did not cope well with the sub zero temperatures, the fibre optic 
inside the multiplexer that rotated to align with the individual fibre optics attached 
the outside of the multiplexer was unable to rotate in the cold conditions and the 
multiplexer would ‘cut out’.  In future measurements, steps should be made keep 
the multiplexer as warm as possible.  The multiplexer should be kept in a box to 
protect the machine from outside elements, the box may contain bubble wrap and 
foam for insulation plus hot packs can be used to raise the temperature inside the 
box further if needed.  Taking precautions to keep the multiplexer warm will 
increase the ability of the multiplexer to last through the measurement sequence. 
 
At cold temperatures, the cladding around the fibre optics froze causing the fibres 
to become rigid and therefore the chance of a fibre breaking was increased, 
especially as the fibres frequently became tangled during the rotations of GRASS 
(Figure 5.26) and needed to be removed from the fibre optic housing plus 
detached from the multiplexer when disassembling the system. 
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Figure 5.26.  Tangled frozen fibre optics after a rotation of GRASS. 
 
To combat the issues of working with GRASS at cold temperatures, the system 
should be assembled inside a warm hanger before being transported to the 
measurement site.  Assembling GRASS at warmer temperatures will alleviate the 
problem of the fibre cladding freezing and also make it easier to assemble GRASS 
as gloves may not necessarily need to be worn.   
 
5.7.3.3  Stability of system 
The frame of GRASS consists of a full circle base ring and attached the base ring 
are 7 arms in a vertical position converging in the centre to form half a 
hemisphere.  Due to only being half a hemisphere, the system was not stable and 
was affected by conditions such as wind.  Although the system was too heavy to 
blow over in windy conditions the 7 arms swayed thus affecting any 
measurements taken.  When the fibre optics in the holders were added to arms 1-3 
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the weight of the fibre holders caused the frame of GRASS to sag and the 
structure was no longer the shape of a perfect half-hemisphere.  A change in shape 
meant the fibres may not have all been pointing at the same target area thus 
reducing the quality of the data collected.  A pole reaching from the nadir point to 
the upper base ring of GRASS on the opposite side to the half hemisphere (Figure 
5.27) would increase the stability and rigidity of the structure yet still allow 
rotation.   The stability of downwelling measurements will increase with the 
stability of the structure. 
 
Figure 5.27.  Photo taken of GRASS with line showing the position of the bar recommended for 
increased structural stability. 
  
5.7.3.4  Confidence in GRASS measurements 
Confidence in the reflectance data produced by GRASS was not high due to the 
following reasons: 
The hot spots seen on the reflected contour plots, e.g. Figure 5.17, indicate that 
individual fibre optic sensors were receiving either too little or too much light.  To 
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ensure the amount of light received by each sensor is equal, each fibre optic 
sensor could be calibrated using an integrating sphere illumination source.  
Glinting from the base ring may have also affected the reflectance measurement 
data, at high solar zenith angles the fibre optics were calculating speculative data 
from the base ring caused by an increased reflected flux.  A distinctive increase in 
reflectivity around the edge of the reflected contour plots is indicate of glint from 
the base ring, e.g. Figure 5.18.  To check that the fibres are all measuring the same 
portion of snow surface, a laser can be fired back through the fibre optic sensors.  
Once the frame has been stabilised a large indoor uniform test surface (both 
uniformly flat and uniformly illuminated) of around 5 m ! 5 m should be used to 
test the measurement area of the fibre optic sensors in a controlled environment so 
that further adjustments can be made if necessary.  Linoleum is ideally suited as a 
measurement surface. 
 
The heterogeneity of the target surface can affect measurement data.  To reduce 
the affect of heterogeneity, the footprint of the measurement surface should be 
increased.  Although the measurement will be less representative of BRDF, the 
overall data will be more useful.  The footprint of the measurement surface can be 
expanded by increasing the acceptance cone of the fibre optic sensor. 
 
The VSWIR spectrometer captures light from both the target and the sky 
simultaneously and channels the light into visible/near-IR wavelengths and short 
wave IR wavelengths to produce measurement spectrum.  The individual 
spectrum, UV and IR, produced by the VSWIR did not overlap as the 
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spectrometer was not stable over time.  The spectrometer has been sent back to 
the manufacture to be repaired and re-calibrated. 
 
Field goniometry was an advantageous technique to use to measure surface 
reflectance as the target could be left in its natural environment and be illuminated 
naturally by the sun whilst measurements were conducted.  However, the 
atmospheric effects and variations in illumination over time were a disadvantage 
and needed to be considered.  To measure a full rotation using GRASS took 
around 1.5 hours, over the time sky conditions were changing thus affecting 
measurements.  To assess the reproducibility of measurements, the variability of 
the Nadir reflectance was assessed during a full HCRF measurement (one full 
rotation) (Figure 5.28). 
 
Figure 5.28.  Reproducibility of measurements over 400-1500 nm for day 2, site 1.  HCRF values 
shown represent downwelling irradiance. 
 
Figure 5.28 shows that there was a larger variation in downwelling irradiance 
between each rotational angle of measurements taken using GRASS.  Only one 
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downwelling irradiance measurement is taken per arm of measurement on 
GRASS and, as the length of time taken for measurements cannot be reduced, 
more downwelling irradiance should be conducted, i.e. one per fibre optic sensor 
measurement, to increase the reliability of the reflectance data. 
 
5.8  Conclusions 
The field work presented in this chapter proved that GRASS has the ability to 
undertake HCRF measurements in polar conditions, however, improvements need 
to be made to ensure the quality of the measurements taken.  The main categories 
for the development of GRASS are the structural stability, the adaptation of 
computational machines to cope in cold temperatures and the variation of sites 
that can be accessed. 
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Chapter 6 
 
Conclusion of Thesis 
 
6.1 Introduction 
The overall aim of this thesis was to conduct a field and laboratory study of 
snowpack and sea-ice optical and physical properties.  In chapter 6, the conclusion 
of each individual study will be presented and the overall conclusion of the thesis 
will be discussed. 
 
6.2 Individual Studies 
6.2.1 Barrow OASIS 2009 campaign 
Chapter 2a-c included research undertaken as part of the Barrow OASIS 2009 
Spring campaign.   The overall conclusions for the campaign were: 
• Using optical properties and physical properties (snowpack stratigraphy) 
to classify snow have been shown to be valid methods. 
• Optically similar snowpacks can be stratigraphically different and 
therefore the physical and optical properties must be derived for each 
snowpack investigated rather than relying upon using ‘typical’ snowpacks 
from similar latitudes and localities. 
• The optical properties of the snowpack are important parameters needed to 
calculated in-snow photochemical production rates using a radiative-
transfer model. 
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• Non-black carbon impurities in the snowpack have a large absorption 
cross-section at the short solar wavelengths, responsible for photolytic 
reactions in the snowpack, therefore it is important to accurately account 
for spectrally resolved absorption by both black carbon and non-black 
carbon impurities in the snowpack. 
• Estimates of depth-integrated production rates, for individual snowpacks, 
can be scaled and approximately correlated with downwelling UV 
irradiance. 
• The importance of NO fluxes from the snowpack owing to nitrite 
photolysis may have been significantly overlooked in previous campaigns.  
The work conducted at Barrow has calculated that NO from nitrite 
photolysis was approximately three times larger than NO2 from nitrate 
photolysis. 
• Increasing black carbon mass ratio in snow reduces albedo, e-folding 
depths and depth-integrated production rates of photochemically derived 
species in a complicated way.   
• For black carbon mass ratios typically measured in snow, e-folding depth, 
albedo and depth-integrated production rates of OH and NO2 can switch 
from ice-dominated absorption to black carbon dominated absorption.  
• Light penetration depths and depth-integrated production rates (of NO2 
and OH radicals) follow a power law relationship for black carbon mass 
ratios greater than 10 ng g
-1
 and solar zenith angles greater than 60°. 
• The future is uncertain when considering the importance of photochemical 
production coefficients in snowpack due to the dependence of black 
carbon production on human activity.  
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6.2.2 Black carbon in Arctic, Mid-Latitude and Antarctic Snowpacks 
Chapter 3 presented a modeling study investigating the effect of black carbon in 
Arctic, Mid-Latitude and Antarctic snowpacks.  The overall conclusions were: 
• For mass ratios of black carbon greater than 20-30 ng g
-1
 (depending on 
wavelength), the variation of e-folding depth with respect to black carbon 
obeys a simple power law. 
• Doubling the black carbon mass ratio (above 20-30 ng g
-1
) will reduce the 
light penetration depth to ~70% of its initial value. 
• When black carbon mass ratio is less than ~10 ng g
-1
, the absorption of 
solar radiation in the snowpack is dominated by water-ice absorption and 
the response of e-folding depth to black carbon mass ratios is wavelength 
dependent. 
• When black carbon mass ratio is greater than ~50 ng g
-1
, the absorption of 
solar radiation in the snowpack is dominated by black carbon absorption 
and the response of e-folding depth to black carbon mass ratios is  
effectively invariant with wavelength. 
• The response to increasing black carbon is not the same for each location 
or snow type. 
• A snowpack impacted by increased black carbon pollution would have a 
larger decrease in the albedo at small solar zenith angles. 
 
6.2.3 Black carbon mass ratios in Svalbard and Antarctic snowpack 
Chapter 5 investigated the black carbon mass ratios found in Svalbard and 
Antarctic snowpack.  The overall conclusions of the study were: 
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• Non-black carbon impurities in the snowpack have a large absorption 
cross-section at the short solar wavelength, responsible for photolytic 
reactions in the snowpack, therefore it is important to accurately account 
for the spectrally resolved absorption by both black carbon and non-black 
carbon impurities in the snowpack. 
• Spatial features create a large variation in black carbon concentrations and 
therefore only local black carbon concentrations can be determined using 
this technique. 
• Black carbon concentrations are affected by slope angle, aspects of the 
sampling locations, presence of melt water and snow type. 
• The proximity of black carbon sources are likely to increase in the future 
thus giving rise to the increasing concentration of black carbon in snow. 
 
6.2.4 The Bi-Directional Reflectance Distribution Function of Antarctic Snow 
Chapter 5 presented research undertaken using GRASS in a polar environment.  
The overall conclusions were:  
• GRASS has the ability to undertake HCRF measurements in polar 
conditions. 
• Improvements to GRASS need to be made to ensure the quality of the 
measurements taken.   
• The main categories for the development of GRASS are the structural 
stability, the adaptation of computational machines to cope in cold 
temperatures and the variation of sites that can be accessed 
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6.3 Conclusions of the thesis 
The work presented in this thesis involved a variety of techniques to investigate 
the optical and physical properties of snowpack around the world.  The key theme 
for the thesis was absorbers in snow.  Each individual research study undertaken 
had an underlying theme of investigating the impact of absorbers in snowpack.  
The main absorber investigated was black carbon as this is the most efficient 
carbonaceous absorber; other absorbers were also considered including HULIS.  
The individual chapter conclusions have shown that absorbers in snow have an 
impact on the behaviour of light within snowpack.  The work in chapters 2a-c and 
3 concluded that a small amount of black carbon had a significant effect on the 
behaviour of light with regards to e-folding depth and albedo of the snowpack.  
The conclusion came from investigating the optical properties from a variety of 
snow types and locations throughout the world.  An alternative method was used 
to research the impact of black carbon mass ratio on snow in chapter 4: a filtration 
technique.  The filtration technique allowed the mass ratio of black carbon within 
snowpack to be measured at individual sampling sites without considering the 
optical properties of the snow.  The technique allowed a general idea of snowpack 
black carbon mass ratio to be gain in the field through comparison with pre-
prepared filters of varying black carbon mass ratios.  Only location black carbon 
mass ratios could be determined by the filtration technique as spatial features 
created a large variation in black carbon mass ratio.  It was concluded that black 
carbon concentrations are affected by slope angle, aspects of the sampling 
locations, presence of melt water and snow type.   
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The main aim of the Barrow campaign was to provide photochemical production 
rates of NO2 and OH radicals within snowpack.  Chapter 2c considered the effect 
of black carbon on the depth-integrated photochemical production rates of NO2 
and OH within snow.  It was concluded that depth-integrated production rates 
follow a power law relationship for black carbon mass ratios greater than 10 ng g
-
1
 and solar zenith angles greater than 60°; doubling the black carbon mass ratio 
within the snowpack will reduce F(NO2) and F(OH) to ~70% and ~65% of initial 
values respectively.  Photochemical reactions within snowpack are important 
processes and, as black carbon is mainly controlled by human activity, the future 
of snow photochemistry remains uncertain. The proximity of black carbon sources 
to snow regions are likely to increase in the future therefore the concentration of 
black carbon in snow may increase and impact upon e-folding depth, albedo and 
snow photochemistry. 
 
The work undertaken to investigate the ability of GRASS to measurement HCRF 
in a polar environment does not fit into the overall thesis theme of absorbers in 
snow.  The aim of the reflectivity measurements made in Antarctic using GRASS 
was to test whether the machine had the ability to work in extreme polar 
conditions.  It was concluded that GRASS could undertake measurements in a 
cold environment but improvements and adaptations were suggested to improve 
the accuracy of the measurements and thus allow the reflectivity to be linked to 
absorbers in snow, such as the reflectivity of Barrow snowpack has been linked to 
absorbers found within snowpack in this thesis. 
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6.4 Further Recommendations 
To improve future research based on the work presented in this thesis a number of 
factors need to be considered: 
• The seasonality of measurements needs to be taken into account and thus 
optical measurements of e-folding depth and albedo should be undertaken 
in one location for a variety of seasons to gather an accurate assessment of 
light behaviour within the snowpack. 
• Time should be considered with regards to the BRDF measurements.  The 
current measurements were a ‘snap shot’ of the surface reflectivity and to 
gain more accurate and informative values, measurements should be taken 
over a longer time period.   
• An easier way to measure e-folding depths should be developed.  
Although the work presented in this thesis improved the technique in 
comparison to previous methods used to measure e-folding depth, there 
were still problems (such as the non-horizontal insertion of fibres) that 
may have affected the accuracy of the measurements.  To improve fibre 
insertion, the fibre optics could be attached to a large pole that is 
subsequently inserted into the snowpack horizontally. 
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Definitions 
 
AMDEs Atmospheric Mercury Depletion Events - The cycling of 
mercury during depletion events in the Arctic Spring 
time. 
BARC Barrow Arctic Research Centre – The base for the 2009 
OASIS campaign. 
BRDF Bi-directional reflectance distribution function – A 
function that defines how light is reflected on an opaque 
surface. 
Brown carbon A type of absorbing carbon that is not black. 
CIMS Chemical Ionisation Mass Spectrometer – Used to 
measure chemical composition of atmosphere. 
e-folding depth 
The distance for solar irradiance to decrease to 
1
e
 (or 
~37%) of the initial value of incident light radiation 
within a snowpack.  Can also be termed light penetration 
depth. 
g The asymmetry factor for a single ice grain.  It is the 
mean cosine of the scattering angle.  Can be plotted as a 
function of wavelength. 
GEM Gaseous Elemental Mercury - GEM counts for up to 98% 
of airborne mercury. 
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GER 1500s A light-weight, high performance single-beam field 
spectroradiometer made by the Geophysical and 
Environmental Research Corporation (GER) used to 
measure over the visible to near infrared wavelength 
range. 
GRASS Gonio Radiometric Spectrometer System - Used to 
measure the HCRF of surfaces. 
HCRF Hemispherical Conical Reflectance Factor – A function 
that defines how light is reflected on an opaque surface. 
HONO Nitrous acid. 
HULIS Humic Like Substances 
LabVIEW A system design software that uses a visual programming 
language. 
LOPAP Long Path Absorption Photometer – Used to measure 
concentrations of HONO during the Barrow 2009 
campaign. 
LP-DOAS Long Path-Differential Optical Absorption Spectrometer 
– Used to measure the average concentration of Br) 
during the Barrow 2009 campaign. 
MADAT Computational software that uses MATLAB 
programming software as a base, developed by the 
National Physics Laboratory (NPL) for use with GRASS. 
NERC FSF Natural Environmental Research Council Field 
Spectroscopy Facility.  An organisation that promotes the 
use of field instruments in research science through 
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training, equipment hire and calibration.  Based in 
Edinburgh. 
NIST National Institute of Standards and Technology – 
Produced the traceable halogen light source used to 
monitor any decay in the fibre optical transmission 
during the Barrow 2009 campaign. 
NOx A generic term for the nitrogen oxides produced during  
 combustion.  It includes NO (nitric oxide) and NO2 
(nitrogen dioxide). 
OASIS Ocean-Atmosphere-Sea-Ice-Snow – The organisation 
that ran the 2009 Barrow campaign. 
PTFE Polytetrafluoroethylene – Material from which the robust 
pots used to collect snow samples on the Svalbard 2010 
expedition were made. 
PTR-MS Proton Transfer Reaction Mass Spectrometry – A 
technique used to monitor VOCs in ambient air. 
RGM Reactive Gaseous inorganic Mercury.  GEM is oxidised 
to RGM species that are deposited to the snow surface 
during AMDEs. 
Short chain diacids Short chain dicarboxylic acids – Organic compounds that 
contain two carboxylic acid functional groups. 
TUVR Total Ultraviolet Radiometer – A detector for measuring 
solar UV radiation. 
TUV-snow Total Ultraviolet-Snow – Model used to calculate 
absorption and scattering in snowpack. 
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VOCs Volatile Organic Compounds – Organic chemicals that 
have a high vapour pressure at ordinary, room-
temperature conditions. 
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[1] Photolytic production rates of NO, NO2 and OH radicals in snow and the total
absorption spectrum due to impurities in snowpack have been calculated for the
Ocean-Atmosphere-Sea-Ice-Snowpack (OASIS) campaign during Spring 2009 at Barrow,
Alaska. The photolytic production rate and snowpack absorption cross-sections were
calculated from measurements of snowpack stratigraphy, light penetration depths
(e-folding depths), nadir reflectivity (350–700 nm) and UV broadband atmospheric
radiation. Maximum NOx fluxes calculated during the campaign owing to combined
nitrate and nitrite photolysis were calculated as 72 nmol m!2 h!1 for the inland snowpack
and 44 nmol m!2 h!1 for the snow on sea-ice and snowpack around the Barrow Arctic
Research Center (BARC). Depth-integrated photochemical production rates of OH
radicals were calculated giving maximum OH depth-integrated production rates of
"160 nmol m!2 h!1 for the inland snowpack and "110–120 nmol m!2 h!1 for the snow
around BARC and snow on sea-ice. Light penetration (e-folding) depths at a wavelength
of 400 nm measured for snowpack in the vicinity of Barrow and snow on sea-ice are
"9 cm and 14 cm for snow 15 km inland. Fitting scaled HULIS (HUmic-LIke Substances)
and black carbon absorption cross-sections to the determined snow impurity absorption
cross-sections show a “humic-like” component to snowpack absorption, with typical
concentrations of 1.2–1.5 mgC g!1. Estimates of black carbon concentrations for the four
snowpacks are "40 to 70 ng g!1 for the terrestrial Arctic snowpacks and "90 ng g!1
for snow on sea-ice.
Citation: France, J. L., H. J. Reay, M. D. King, D. Voisin, H. W. Jacobi, F. Domine, H. Beine, C. Anastasio, A. MacArthur,
and J. Lee-Taylor (2012), Hydroxyl radical and NOx production rates, black carbon concentrations and light-absorbing impurities
in snow from field measurements of light penetration and nadir reflectivity of onshore and offshore coastal Alaskan snow,
J. Geophys. Res., 117, D00R12, doi:10.1029/2011JD016639.
1. Introduction
[2] It has been widely demonstrated that snowpack acts
as a photolytic source of gaseous species that can be sub-
sequently released to the atmosphere. Fluxes of NO, NO2
and HONO have been observed from snow cover [Beine
et al., 2001, 2002, 2003, 2008; Dibb et al., 2004; Grannas
et al., 2007; Honrath et al., 1999, 2000a, 2002; Jones et al.,
2000, 2001; Wang et al., 2008], with laboratory studies
demonstrating that the source of NOx (NO + NO2) is through
the photolysis of nitrate and nitrite [Anastasio and Chu, 2009;
Boxe and Saiz-Lopez, 2008; Chu and Anastasio, 2003; Cotter
et al., 2003; Couch et al., 2000; Dubowski et al., 2001, 2002;
Honrath et al., 2000b]:
NO!3 þ hv →
JNO!
3 NO2 þ O! ð1aÞ
O! þ H2O → OHþ OH! ð1bÞ
Snowpack may be a highly-oxidizing medium through
the photoproduction of hydroxyl radicals from the photolysis
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of hydrogen peroxide (2), of nitrite (3) and nitrate
anions (1).
H2O2 þ hv →
JH2O2 2OH ð2Þ
NO$2 þ hv →
JNO$
2 NOþ O$ ð3Þ
[3] Hydroxyl radicals, OH, are very reactive and will react
with snowpack chemical impurities, and may release gas-
eous products from the snowpack. Hydroxyl radicals are
implicated in the production of acetaldehyde, formaldehyde
and oxygenated organic compounds in the snow, [Anastasio
et al., 2007; Couch et al., 2000; Dassau et al., 2002;
Grannas et al., 2004, 2007; Shepson et al., 1996; Wang
et al., 2008]. Some of these species are subsequently
released to the interstitial air of the snow and to the atmo-
sphere. [Couch et al., 2000; Grannas et al., 2007; Hutterli
et al., 2003, 2004; Jacobi et al., 2004; Shepson et al., 1996].
[4] Field measurements of photoformation rates of OH
radicals in snow at Summit, Greenland show that photolysis
of hydrogen peroxide is the main source, with a small con-
tribution from photolysis of nitrate (reaction (1)) [Anastasio
et al., 2007] and nitrite (reaction (3)) [Bock and Jacobi,
2010; Thomas et al., 2011]. Modeling studies have demon-
strated that 93–99% of OH radical production in snowpack
is likely to be due to hydrogen peroxide photolysis
[Anastasio et al., 2007; France et al., 2007]. The importance
of OH radicals in snowpack chemistry has been recently
demonstrated through chemical box modeling [Bock and
Jacobi, 2010; Thomas et al., 2011], showing that the con-
centration of OH radicals in the quasi-liquid layer sur-
rounding snow grains is a rate controlling factor in the
release of Br2 into the interstitial air [Abbatt et al., 2010];
similar reactions also occur in sea-salt particles [e.g., George
and Anastasio, 2007]. Sea-ice has also been demonstrated
to be a source of gaseous bromine through the reaction of
sea-ice with ozone [Oum et al., 1998]. Mixing ratios and
measurements of reactive gas-phase halogens have been
compared to modeled values with good agreement, giving
evidence that emissions from snow covered surfaces may
be responsible for gas-phase halogens in the boundary layer
[Domine and Shepson, 2002; Thomas et al., 2011].
[5] Photolytic production rates of NO2 and OH radicals
within snowpack have been calculated previously for several
terrestrial snowpack environments by some of the authors of
this work, including Arctic, midlatitude and Antarctic snow-
packs [Anastasio et al., 2007; Beine et al., 2006; Chu and
Anastasio, 2007; Fisher et al., 2005; France et al., 2007,
2010; King and Simpson, 2001; Simpson et al., 2002], but the
Alaskan site of Barrow provides an opportunity to measure
optical properties of coastal snow both on land and on sea-ice.
[6] The work described in this paper reports field mea-
surements of e-folding (light penetration) depths and nadir
reflectivity [Duggin and Philipson, 1982] of Alaskan snow-
packs on land and on sea-ice. Light penetration (e-folding
depths) are defined as in (4) below.
Id ¼ Id′ed′$dɛ lð Þ ð4Þ
where Id is the irradiance at a depth d within the snowpack,
d′ is the initial depth into the snowpack (d is a deeper depth
than d′), ɛ(l) is the asymptotic e-folding depth (the depth at
which irradiance becomes 1/e (&37%) of its initial value) for
a specific wavelength. Note, both d and d′ are usually greater
than a few cm into the snow to ensure the measured irradi-
ance is diffuse only.
[7] Measurements of nadir reflectance, e-folding depth
and snow stratigraphy (including snow density) are used to
determine light absorption and scattering cross-sections from
snow-atmosphere coupled radiative-transfer calculations.
The scattering and absorption cross-sections are used to
calculate spherical irradiance (“actinic flux”) in the snow-
pack as a function of solar zenith angle and depth to allow
photolysis rate coefficients of reactions (1) and (2) to be
calculated. The variation of the absorption cross-section with
wavelength is due to changes in the absorption cross-section
of ice and the absorption due to impurities within the snow.
The absorption cross-section of ice is well studied [Warren
and Brandt, 2008], so the absorption spectrum of light-
absorbing impurities can be determined. The variation of
absorption cross-section due to impurities of the snowpacks
with wavelength is compared to absorption cross-sections
of known absorbing species in the snowpack in an attempt
to identify and quantify the amount of absorbers.
[8] The measurements of snowpack optical and physical
properties made at Barrow, Alaska were part of the larger
OASIS (Ocean-Atmosphere-Sea Ice-Snowpack) interna-
tional field campaign.
[9] The aims of the work presented here were as follows:
[10] 1. Measure the optical properties of Barrow snow-
packs by measuring light penetration depth, surface nadir
reflectance and the snowpack stratigraphy.
[11] 2. Calculate wavelength-dependent cross-sections for
light absorption due to impurities and for scattering from
measurements of e-folding depth and snowpack surface
reflectivity.
[12] 3. Calculate in-snow production rates of NO, NO2
and OH radicals for the duration of the campaign as an
estimation of the potential flux of NO2 or NO from the
snowpack.
[13] 4. Determine the identity and amount of light-
absorbing impurities in the Alaskan snowpack from the
absorption cross-section determined from field measure-
ments of the snowpack.
2. Methods
[14] The majority of the basic fieldwork and modeling
methodologies used here have been described in detail pre-
viously [e.g., Beine et al., 2006; Fisher et al., 2005; France
et al., 2007, 2010, 2011a]. Only a brief description will be
given here, with emphasis given to the new and improved
sections of the methodology.
2.1. Field Methods
[15] Snowpacks within 1–15 km of the coastal Barrow
Arctic Research Centre (BARC) (71.32063°N, 156.6748°W)
were investigated during the spring of 2009 as part of the
Barrow OASIS (Ocean-Atmosphere-Sea Ice-Snowpack)
campaign. Approximately 50 test snowpits were dug, with
15 snowpacks studied optically at locations around the
OASIS field site and 4 snowpacks of the 15 (with strati-
graphic sequences representative of the different snowpack
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types) chosen for detailed analysis: (1) a soft snowpack close
to the BARC, (2) a hard snowpack close to the BARC, (3) a
snowpack 15 km inland, and (4) a snowpack on sea-ice near
Point Barrow. Snowpits at these four locations were deeper
than average [see Domine et al., 2012] to facilitate optical
measurements. Furthermore, as also detailed by Domine
et al. [2012], the snowpack stratigraphy was variable at the
1 m horizontal scale.
[16] At each of the 15 sites, a snowpit was dug !1 m wide
by !1 m length, down to the ground or to the sea-ice,
ensuring the snow was not contaminated by human or
animal influence. At each site, measurements of light pene-
tration depth, surface reflectance and stratigraphy were
undertaken as described below.
2.1.1. Light Penetration (e-Folding) Depth
[17] Light-penetration depth was measured via a set of
simultaneous irradiance measurements, after the approach of
King and Simpson [2001]. Probes consisted of bundles of six
fiber optics encased separately in 1/4 inch diameter stainless-
steel tubing and with a cosine diffuser on the end of each
fiber. The probes were 50 cm long and 49 cm was inserted
into the snowpack. Probes were placed horizontally into the
snowpack with 5–20 cm horizontal separation between the
fibers, and with approximately 3–5 cm vertical separation
between different probes, i.e., six irradiance measurements
were taken concurrently at different depths in the same
snowpack. The detector comprised 6 independent spectro-
meters (Ocean Optics USB2000) assembled in a single field-
portable housing and operated from batteries. The snow pits
were not back-filled with excavated material during irradi-
ance measurements for calculation of e-folding depth
because this would not reproduce the irradiance field within
the snowpit owing to the mechanical properties of the snow.
Previously, France et al. [2011a] have crudely argued that
only 1% of the diffuse light measured by the deepest fiber
optic probes has originated from the snowpit wall with the
rest originating from the snow surface. For the shallowest
probes the diffuse light measured by the probes from the
snowpit wall is significantly less [France et al., 2011a].
[18] The 6-spectrometer instrument is capable of record-
ing spectral irradiance from 190 nm to 1100 nm at a reso-
lution of < 1 nm simultaneously. The optical properties of
the fiber optics constrained the effective wavelength range of
measurements within snowpack from 350 nm to 700 nm.
The 6-spectrometer instrument removes the need to calibrate
each individual measurement of in-snow irradiance with a
downwelling atmospheric irradiance measurement as the
measurements at all depths are effectively simultaneous, in
contrast to previous studies [e.g., Beine et al., 2006; Fisher
et al., 2005; France et al., 2011b]. Dark spectra were
recorded in the field by capping the fiber optic probes to
allow measurement (and the removal) of electrical noise.
The spectrometers were used at ambient temperature, which
significantly reduces the electrical noise. The sensitivity
of each fiber and spectrometer were calibrated relative to
each other by simultaneously measuring the intensity of the
solar radiation above the snowpack with all 6 fiber optic
probes pointing at the same target. The determination of
an e-folding depth does not require an absolute calibration
of the fiber optic probes or spectrometer efficiency, just
the relative calibration between fibers and spectrometers.
A wavelength calibration for each spectrometer was
performed using a mercury-argon lamp in the field and an
intensity calibration for each fiber was performed using a
NIST traceable halogen light source to monitor fiber optical
transmission for any decay. The signal-to-noise ratio of the
spectrometers is typically better than 300:1.
2.1.2. Nadir Reflectivity
[19] The reflectance measurements were carried out using
a portable nadir reflectance method [Duggin and Philipson,
1982], previously employed in midlatitude and polar envir-
onments to measure the reflectivity of the snowpack sur-
face [Beine et al., 2006; Fisher et al., 2005]. The method
uses two spectroradiometers (GER 1500 s) mounted upon
tripods, one to measure radiance of a reference panel and
one to measure the radiance of the snow surface simulta-
neously. Simultaneous measurement removes any influence
of changing overhead sky conditions. The spectroradiometers
were calibrated in the field by simultaneous measurement
of the reflectance of the standard reference panel with both
spectroradiometers before and after measurements of the
snowpack. All measurements of snowpack reflectance were
taken close to solar noon and during stable sky conditions.
At each site, a transect of 10–15 reflectance measurements
(within !1–10 m) was averaged.
[20] The snowpack stratigraphy was measured using the
guidelines from the international classification of seasonal
snow [Fierz et al., 2009], with measurements of snow den-
sity made every 5 cm using a snow cutter (volume =
284 cm3) and temperature-depth profiles of the snowpack
recorded using a NIST traceable temperature probe.
2.2. Radiative-Transfer Modeling and Photolysis
Calculations
2.2.1. Determining Absorption and Scattering
Coefficients
[21] Wavelength-dependent cross-sections of light scat-
tering, sscatt(l), and absorption due to impurities, sabs+ (l),
were determined for the four Barrow snowpacks from mea-
surements of light penetration (e-folding depth) and surface
reflectance by the method of Lee-Taylor and Madronich
[2002]. Briefly, this involves performing radiative-transfer
calculations of reflectance and e-folding depths for a range
of combinations of sscatt and sabs+ , and interpolating to find
unique solutions for sscatt (l) and sabs+ (l) that satisfy the
field measurements of both reflectivity and e-folding depth
at each wavelength. Radiative-transfer calculations were
performed using the TUV-snow (Tropospheric Ultraviolet
and Visible-snow) model [Lee-Taylor and Madronich,
2002], a discrete-ordinates [Stamnes et al., 1988] coupled
atmosphere-snow model running 8 streams with a pseudo-
spherical correction. The model configuration in the current
study used 106 snowpack levels (with 1 mm spacing in the
top 0.5 cm and 1 cm spacing for the rest of the 1 m snow-
pack) and 80 atmospheric levels spaced at 1 km intervals,
clear skies, no atmospheric aerosol, an Earth-Sun distance
(based upon the day of measurement), and overhead ozone
column (from the day of measurement [McPeters et al.,
1998]). The snow asymmetry factor, g, was set to 0.89
based on a Mie calculation of a 100 micron particles
[Wiscombe and Warren, 1980]. As in previous work we
have not adjusted the size of the snow grain. An under-snow
albedo of 0.1 was specified. The recommended absorption
cross-section for ice from Warren and Brandt [Warren and
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Brandt, 2008] was used, and linearly interpolated from
200 nm to 400 nm where the absorption is too small to be
reliably measured at present.
2.2.2. Modeling Snowpack Absorption By Impurities
[22] Plotting the cross-section owing to absorption by
impurities versus wavelength for each snowpack results in
the absorption spectrum of all the light-absorbing impurities
in the snowpack. The absorption spectrum is a summation of
all of the absorbers in the snowpack. The absorbers in the
visible wavelengths are probably black carbon, brown car-
bon (including HULIS) and dust [Anastasio and Robles,
2007; Doherty et al., 2010; France et al., 2011b; Grenfell
et al., 2011; Warren, 1984; Warren and Clarke, 1990;
Warren et al., 2006]. Previous work assumed that absorption
due to impurities was due to black carbon [Lee-Taylor and
Madronich, 2002]. However, in the work presented here
the range of wavelengths (350–600 nm) studied allows
identification of the light-absorbing impurities by their dif-
ferent absorption spectra.
2.2.3. Calculating Photolytic Rate Constants
and Fluxes With Clear and Diffuse Skies
[23] The spherical irradiance (“actinic flux”) in the snow-
pack is needed to calculate the photolytic rate constants for
reactions (1)–(3). Spherical irradiance was calculated using
the TUV-snow model [Lee-Taylor and Madronich, 2002] at
1 nm intervals from 290 to 700 nm and at 106 calculation
depths in the 1 m model snowpack, using the wavelength
dependent snowpack optical properties sabs+ (l) and sscatt(l),
determined from field data in section 2.2.2. Snowpacks
thicker than 3–4 e-folding depths can be considered opti-
cally semi-infinite as over 95% of sunlight is attenuated by
3 e-folding depths [France et al., 2011a]. All the snowpacks
studied in the field work were optically semi-infinite. Thus,
for modeling photolysis rate constants and spherical irradi-
ance in the snowpack, the actual recorded depth of the
snowpack in the field or a larger depth can be considered
without affecting the result. In this work all snowpacks are
considered to be 1 m deep for comparison. All other condi-
tions are as stated in section 2.2.1.
[24] Photochemical rate coefficients, J, for the photolytic
reactions (1)–(3) were calculated according to equation (5)
for solar zenith angles between 0 and 90° for clear sky and
diffuse sky conditions.
J q; zð Þ ¼
Z lx
ly
s l; Tð ÞF l; Tð ÞI l; q; zð Þdl ð5Þ
where s is the absorption cross-section of the chromophore
(NO2
$, NO3
$ or H2O2), F is the quantum yield for photolysis,
I is the spherical irradiance, T is the snowpack temperature,
l is the wavelength and q is the solar zenith angle.
[25] The absorption cross-sections and temperature
dependent quantum yields for reactions (1), (2) and (3) are
from Chu and Anastasio [2003]; Chu and Anastasio [2005]
and Chu and Anastasio [2007], respectively. For the calcu-
lation of photochemical rate constants, the average campaign
overhead column ozone is used [McPeters et al., 1998]; the
snowpack location, temperatures and densities are also
shown in Table 1.
[26] Photolysis rate coefficients were calculated for clear
skies (no cloud or aerosol) and diffuse sky conditions. To
obtain diffuse sky conditions a cloud layer 1 km above the
ground, 100 m thick, with an optical depth of 16, an asym-
metry factor of 0.85 and a single scattering albedo of 0.9999
was included. Depth-integrated production rates, or maxi-
mum fluxes (assuming that all the photoproduced NO2 or NO
is liberated from the snowpack), F, are calculated using (6).
F ¼ x½ &
Zz¼1
z¼0
J dz ð6Þ
where z is the depth into the snowpack, and [x] is the con-
centration of the chromophore, H2O2, NO2
$ or NO3
$.
[27] Equation (6) assumes a depth-independent concen-
tration of chromophore. France et al. [2007] showed depth
variation of chromophore concentration to be much less
important relative to the depth-dependence of the spherical
irradiance. A constant nitrate concentration in the snowpack
of 3.9 mmol l$1 was used (an average concentration of more
than 100 samples including all encountered snow types as
shown in Figure 1a [Jacobi et al., 2012]). Measurements
of [H2O2] in snowpack during the Barrow campaign were
Table 1. Data Used As Inputs for the Modeling of Photolysis Rate Coefficients Using TUV-Snow for Each of the Barrow Snowpacks
Snowpack
Snow
Temperature (°C)
Snow Density
(g cm$3)
Location
Elevation
(m)
Average Column Ozonea
(Dobson Units)Longitude Latitude
Hard $15 0.39 156.67243°W 71.31896°N '5 460
Soft $18 0.38 156.67634°W 71.31987°N '5 460
Snow on
sea-ice
$24 0.40 156.45239°W 71.38469°N 0 460
Inland $28 0.30 156.47471°W 71.20259°N '2 460
aOzone conditions determined from the NASA TOMS program as an average of the campaign duration to 2 significant figures [McPeters et al., 1998].
Figure 1. (a) snowpack stratigraphy based on the notation of Fierz et al. [2009], (b) wavelength dependent snowpack nadir
reflectance (markers every 10 data points for clarity), (c) wavelength dependent e-folding depths (markers every 10 data
points for clarity), (d) snowpack density profiles and (e) snowpack temperature profiles for each characteristic snowpack.
For the e-folding depths plotted in Figure 1c, the fiber optic probes were placed between the following depths: hard snow
6 cm to 19 cm, snow on sea-ice 4 cm to 20 cm, soft snow 3 cm to 28 cm and for the inland snowpack the probes were placed
at depths between 7 cm and 31 cm.
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made at !500 locations in the Barrow area, with con-
centrations found to be fairly invariant with depth [Beine
et al., 2012]. The calculated depth-integrated production
rates of OH radicals used a concentration of H2O2 of
0.4 mmol l"1, the average concentration measured in the top
10 cm of snowpack [Beine et al., 2012]. Concentrations of
NO2
" were measured at a single site near the BARC over a
period of 36 h in surface snow and at depth of 5 cm [Villena
et al., 2012]. The average NO2
" measured in these samples
was 0.02 mmol l"1. The single-site average nitrite concen-
tration is used for all of our snowpack calculations.
2.2.4. Calculating Photolytic Rate Constants
and Fluxes From the Snowpack for Sky Conditions
During the OASIS Campaign
[28] Depth-integrated production rates or fluxes were cal-
culated as a function of solar zenith angle for clear sky or
thick cloud cover (i.e., completely diffuse). To calculate the
depth-integrated production rates (fluxes) for the duration
of the campaign required an identification of sky conditions
as “clear sky” or “diffuse” and then a scaling of depth-
integrated production rates (calculated from a solar zenith
angle dependence) by actual downwelling UV atmospheric
irradiance at the surface. The sky conditions were monitored
using two continuous measurements: broadband, down-
welling irradiance (wavelength 295 nm to 385 nm) using a
TUVR (Tropospheric Ultraviolet and Visible Radiation)
Eppley flat-plate radiometer sited 0.5 m above the snowpack
approximately 800 m South of the BARC, and hemispheric
sky images (and retrievals of fractional sky cover for periods
when the solar elevation was greater than 10 degrees) using a
total sky imager (Yankee Environmental Systems). The total
sky imager was based at Atmospheric Radiation Mea-
surement site at the North Slope, Alaska (71° 19′ 23.73” N,
156° 36′ 56.70” W) [Long and DeLuisi, 1998; Long et al.,
2001], within a few kilometers of the measurement site and
the Eppley TUVR. Every minute of the measurement cam-
paign from Julian Day 60 to Day 90 was assigned as diffuse
sky conditions or clear (diffuse and direct), depending on
whether the sun’s direct beam was occluded by cloud using
the total sky imager [Long and DeLuisi, 1998; Long et al.,
2001]. The radiative-transfer calculations of section 2.2.3
were repeated to calculate the ‘flat-plate’ broadband down-
welling irradiance from 295 nm to 385 nm as measured by a
surface TUVR Eppley radiometer for the diffuse and clear
sky conditions described in section 2.2.3 as a function of
solar zenith angle under exactly the same conditions as the
photolysis rate constants were calculated. The calculated
photochemical fluxes of NO2 and OH radicals were then
scaled using,
F OHð Þ ¼ ITUVR measured
ITUVR modeled
& F OHð Þmodeled; ð7Þ
F NO2ð Þ ¼ ITUVR measuredITUVR modeled & F NO2ð Þmodeled; ð8Þ
F NOð Þ ¼ ITUVR measured
ITUVR modeled
& F NOð Þmodeled; ð9Þ
to produce photochemical production rates of OH radicals,
NO2 and NO at a 1 min resolution for the whole of the
Barrow campaign period. In equations (7), (8) and (9),
ITUVR measured is the downwelling broadband irradiance
for 295–385 nm measured by the Eppley TUVR and
ITUVR modeled is the calculated downwelling broadband irra-
diance for 295–385 nm as a function of solar zenith angle
and sky conditions. The quantity F(OH) is the depth-
integrated production rate of hydroxyl radicals and F
(OH)modeled is the depth-integrated production rate of
hydroxyl radicals calculated by the radiative-transfer mod-
eling of section 2.2.3. Note that the values of F(OH)modeled
and ITUVR modeled correspond to the same solar zenith
angle and sky conditions (i.e., clear or diffuse sky). The
linear relationship of F(OH)modeled and ITUVR modeled for
diffuse and clear sky conditions is demonstrated in section 3.
3. Results
[29] The results are presented in three sections: field
measurements, snowpack optical coefficients determined
from the field measurements, and the calculated production
rates of NO2, NO and OH radical within the snowpack. Data
from the four snowpacks are presented: Soft and hard snows
(prevalent around Barrow and BARC), snow on sea-ice, and
inland snow (! 15 km inland from Barrow).
3.1. Field Results
[30] Measurements of snowpack stratigraphy, snowpack
depth, e-folding depth, surface reflectance, snowpack den-
sity and temperature are shown in Figure 1 for each of the
four individual, representative snowpacks. The snowpack
stratigraphy in Figure 1 illustrates the variability between
snowpacks, as well as the similarities: in general the stra-
tigraphy featured basal depth hoar, intermediate layers of
faceted crystals, and top layers comprised of windpacks and/
or recent unsintered wind-drift, often topped by a millimetric
diamond dust layer [Domine et al., 2012]. A few very thin
melt-freeze crusts were also sometimes observed at several
depths. The snow on sea-ice was essentially similar to that
on land, but the depth and stratigraphy were much more
variable. Melt-freeze layers were also more frequent (this
may have been caused by supercooled droplets generated by
nearby open leads, which froze on the snow surface). Depth
hoar layers in all the snowpacks are formed through snow-
pack metamorphism due to the presence of a strong tem-
perature gradient and are typical of the snowpack of
Alaska’s Arctic Coastal Plain [Sturm and Liston, 2003].
[31] The nadir reflectivity of the snowpack across the
visible spectrum is similar for three of the snowpacks: the
inland snowpack, soft snowpack and the snow on sea-ice.
The peak reflectance occurs at a wavelength of 600 nm, a
longer wavelength than that of clean snow, as reflectance
measurements in central Antarctica suggest peak reflectance
in the region of 470–520 nm [France et al., 2011b]. Peak
reflectance at 470 nm is seen only in the hard snowpack at
Barrow. A shift in maximum albedo has been previously
noted by Warren et al. [2006] and mostly attributed to the
presence of dust or organic matter. The differences in
reflectivity between Barrow snow and the cleaner Antarctic
snow [France et al., 2011b] are due to absorbing impurities
within the snowpack. The impurities absorb light over the
visible and near UV wavelength range. The e-folding depths,
reported in Figure 1c, are largest for the inland snowpack,
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with an e-folding depth of !15 cm at a wavelength of
400 nm, and smallest in the soft snowpack, !10 cm
at 400 nm. The e-folding depths of the snowpacks at
the BARC (hard and soft snowpack) and on the sea-ice
(only 1–2 km offshore away from the settlement) are
essentially the same.
3.2. Optical Coefficients of Barrow Snowpack
[32] The wavelength-dependent absorption and scattering
coefficients sscatt(l) and sabs+ (l) determined for the Barrow
snowpacks are shown in Figures 2 and 3, respectively.
Table 2 reports these values relative to previously deter-
mined snowpack coefficients [Beine et al., 2006; Fisher
et al., 2005; France et al., 2010; Lee-Taylor and
Madronich, 2002] at a wavelength of 400 nm.
[33] The typical error on the scattering coefficient has
been calculated to be !1 m2 kg"1, and therefore the scat-
tering coefficient can be considered effectively constant
across the wavelength range 350 to 600 nm, justifying the
assumption of wavelength-independent sscatt in the original
work by Lee-Taylor and Madronich [2002]. The values of
sscatt at 400 nm are !2 m2 kg"1, and are similar to those
for midlatitude dry windslab [Fisher et al., 2005] and both
the absorption and scattering coefficients are similar to
snowpacks previously determined for summer Alaskan
snow on sea-ice in Lee-Taylor and Madronich [2002] using
data from Grenfell and Maykut [1977] as shown in Table 2.
Figure 2. Wavelength dependence of the scattering coefficient, sscatt, for each of the four snowpacks
investigated at Barrow. All snowpacks demonstrate a broadly invariant relationship of scattering coeffi-
cient with wavelength. Determined using the conditions described in Table 1.
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[34] The absorption cross-sections of snowpack impur-
ities shown in Figure 3 all demonstrate a general trend of
decreasing absorption with increasing wavelength from
350 nm to 550 nm and a smaller increase from 550 nm to
600 nm with the exception of inland snow. The inland snow
has a lower absorption cross-section at longer wavelengths
than the other snowpacks. Comparison of absorption cross-
sections at a wavelength of 400 nm (Table 2) shows that the
Barrow snowpacks are highly absorbing when compared to
other dry Arctic snowpacks. Lee-Taylor and Madronich
[2002] assumed that both sabs+ and sscatt could be modeled
as constant with wavelength, however the value of sabs+ is
highly variable with wavelength in the UV-visible wave-
length range.
3.3. Snowpack Absorption By Impurities
[35] Figure 3 demonstrates that the majority of absorption
can be fitted by a linear combination of absorption cross-
sections of particulate black carbon and particulate HULIS.
The black carbon absorption spectrum was calculated from a
Mie calculation assuming spherical black carbon particles in
the snow of 0.1 mm radius, 1 g cm!3 density and a refractive
index of 1.8–0.5i, as in work by Warren and Wiscombe
[1980, 1985]. The black carbon cross-section is shown in
Figure 3. Black Carbon (BC) and HULIS (Humic Like Substances) absorption cross-sections fitted to
total snowpack absorbance due to impurities for each of the four Barrow snowpacks. The lines with round
markers are absorptions due to impurities in the snowpack derived from field measurements, the dashed
line is black carbon absorption and the thick solid line is combined black carbon and HULIS absorption.
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Figure 4. The absorption spectrum for the HULIS absorber
was taken from Figure 4 of Hoffer et al. [2006]. The linear
combination of absorption cross-sections was fitted to the
experimental data in Figure 3 by eye. The HULIS and the
black carbon absorption spectra from Hoffer et al. [2006]
and Warren and Wiscombe [1980] are presented as per
unit mass of carbon, thus it is possible to crudely estimate
the amount of black carbon and HULIS in the snowpack.
The amounts of HULIS and black carbon in the snowpack
determined in this work are presented in Table 3. These
values are considerably larger than the amounts of impurities
measured by chemical extraction in the windpack and
windblown snowpacks at Barrow, which were in the range
of 2–17 ng g!1 for black carbon, water insoluble organic
carbon of 30–200 ng g!1 and 30–360 ng g!1 of dissolved
organic carbon (D. Voisin et al., Carbonaceous species and
Table 2. A Comparison of Optical Coefficients Previously Determined for Arctic and Northern Hemisphere Snowpacks at a Wavelength
of 400 nma
Study Snow Description sscatt (m2 kg!1) sabs+ (cm2 kg!1)
Grenfell and Maykut [1977] Arctic Summer dryb 6.4 7.3
Arctic Summer meltingb 1.1 7.8
King and Simpson [2001] Arctic spring windblownb 6!30 4!25
Fisher et al. [2005] Midlatitude windslab - melting 1 1
Midlatitude windslab - dry 2!5 1!2
France et al. [2010] Fresh Ny-Ålesund snowpack 16.7 2.7
Melting Ny-Ålesund snowpack 0.8 19.8
France et al. [2011a] Ny-Ålesund – old windpack 9.5 1.4
Ny-Ålesund – fresh windpack 7.7 5.3
Ny-Ålesund – marine influenced 20 3.4
Ny-Ålesund – glacial accumulation zone 25.5 0.5
This work Barrow – soft snowpack 2.0 11
Barrow – hard snowpack 1.7 11
Barrow – inland snowpack 1.8 9
Barrow – snow on sea-ice 1.7 15
aNote the values of sabs+ and sscatt for the four Barrow snowpacks studied are very similar.
bModeling of optical coefficients conducted by Lee-Taylor and Madronich [2002], not in the original measurement study.
Figure 4. Mass absorption cross-section for black carbon. Filled circles are the absorption cross-section
used in the work described here based on a Mie calculation described in the text. The unfilled squares
represent values of the black carbon absorption cross-section measured and reviewed by Bond and
Bergstrom [2006] or measured by Adler et al. [2010]. The shaded band represents the value recommended
by Bond and Bergstrom [2006] for the black carbon mass absorption cross-section. The values used in this
work are in agreement with the values reviewed in the literature by Bond and Bergstrom [2006].
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humic-like substances (HULIS) in Arctic snowpack during
OASIS field campaign in Barrow, submitted to Journal of
Geophysical Research, 2012). These estimates depend upon
many factors and are discussed in section 4.4.
3.4. Photolytic Rate Constants and Fluxes As a
Function of Solar Zenith Angle and Snowpack Depth
[36] Photolysis rate coefficients, J, for the photolysis of
hydrogen peroxide, nitrate and nitrite within the four Barrow
characteristic snowpacks were calculated for 106 depths
within each snowpack for 30 separate solar zenith angles
between 0 and 90° (equally spaced over Cos q). Figures 5, 6
and 7 plot contours of equal photolysis rate coefficients for
reactions (1), (2) and (3) respectively versus depth and solar
zenith angle. The photolysis rate coefficient for the produc-
tion of OH radicals, NO2 or NO in the snowpack may be
Table 3. Estimated Concentrations of Black Carbon and HULIS
in the Snowpacks Around Barrow, Derived From Fitting Linear
Combinations of Black Carbon and HULIS Absorption Cross-
Sections to Absorption Cross-Section of Snowpack Impurities in
Figure 3a
Snowpack
e-Fold
Black Carbon
(ng-C g!1)
HULIS
(mg-C g!1)
l = 350 nm
(cm)
l = 400 nm
(cm)
Hard 7 10 70 1.2
Soft 7.5 9 70 1.4
Snow on sea-ice 7.5 9 90 1.5
Inland 12 15 41 1.2
aNote that the concentration is per unit mass of carbon in HULIS or black
carbon per gram of snow. The concentration of HULIS in the snowpack
should be treated as an upper limit and to represent all light-absorbing
snowpack impurities. Values of e-folding depth are included for comparison.
Figure 5. Photolysis rate coefficients (s!1) as a function of depth and solar zenith angle for the photol-
ysis of H2O2 to produce two hydroxyl radicals (reaction (2)) for each of the four Barrow snowpacks, deter-
mined using the conditions described in Table 1 under clear skies.
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interpolated from the plot for any depth in the top 1 m of
snow and for any solar zenith angle.
3.5. Depth-Integrated Production Rates (Fluxes) of NO,
NO2 and OH Radicals for the OASIS Field Campaign
[37] Photochemical depth-integrated production rates
(fluxes) of OH radicals, NO2 and NO were calculated for
each of the four snowpacks for every minute of the OASIS
campaign and are presented in Figures 8 and 9. The variation
in calculated photolytic production of NO2 between the
Barrow snowpacks is less than a factor of 2, with maximum
potential fluxes of NO2 on Julian Day 90 of 17 nmol m
!2 h!1
for the inland snowpack, 15 nmol m!2 h!1 for the hard
snowpack and 13 nmol m!2 h!1 for the soft snow and
14 nmol m!2 h- for the snow on sea-ice. The maximum
depth-integrated in-snow production rate of OH radicals for
Day 90 is 160 nmol m!2 h!1 for the inland snowpack,
110 nmol m!2 h!1 for the soft snowpack and 120 nmol m!2
h!1 for the snow on sea-ice and hard snowpack. The maxi-
mum photolytic production rate of NO from the photolysis of
nitrite is 30 nmol m!2 h!1 for the soft snowpack and 55 nmol
m!2 h!1 for the inland snowpack and 36 nmol m!2 h!1 snow
Figure 6. Photolysis rate coefficients (s!1) as a function of depth and solar zenith angle for the photolysis
of NO3
! to NO2 and OH (reaction (1)) for each of the four Barrow snowpacks. Values were determined
using the conditions described in Table 1 under clear skies.
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on sea-ice and 39 nmol m!2 h!1 for the hard snowpack.
The maximum in-snow NOx production rate is therefore
72 nmol m!2 h!1 for the inland snowpack and 44 nmol m!2
h!1 for the soft snowpack. The total OH radical production
rate is a summation of OH radicals produced through nitrate,
hydrogen peroxide and nitrite photolysis according to reac-
tions (1), (2) and (3) respectively.
[38] Scaling the depth-integrated production rate (or flux)
of NO2, NO and OH radicals by downwelling TUVR
downwelling irradiance (295–385 nm broadband) measure-
ment is only valid while F(NO), F(NO2) or F(OH) is
proportional to the downwelling broadband UV irradiance
measured by the Eppley TUVR. Figure 10 demonstrates
that for diffuse conditions and clear sky conditions between
solar angles of 51–90°, there is an approximately linear
relationship between depth-integrated production rate of OH
radicals, NO2 or NO and downwelling broadband UV irra-
diance. As a wider point, depth-integrated production
rates (fluxes) of NO2, NO and OH radicals can be predicted
from the TUVR downwelling irradiance measurements
using Figure 10 for the snowpacks and solar zenith angles
studied here. Similar relationships may be possible for other
Figure 7. Photolysis rate coefficients (s!1) as a function of depth and solar zenith angle for the
photolysis of NO2
! to NO and OH (reaction (3)) for each of the four Barrow snowpacks. Values were
determined using the conditions described in Table 1 under clear skies.
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snowpacks and the relationships shown here are only for
these snowpacks.
4. Discussion
4.1. Comparison With Previous Work
[39] Previous measurements of e-folding depths in snow-
pack at Barrow gave values of 8 cm and 26 cm for spring
and summer respectively [Rowland and Grannas, 2011].
Those results were obtained using a solid-state chemical
actinometry method and e-folding depths calculated using
only 3 depth measurements of in-snow actinometry with
the wavelength peak of the action spectrum at !340 nm
[Rowland and Grannas, 2011]. The shortest wavelength
at which e-folding depths are reported in this work is at
350 nm, with e-folding depths for four Barrow snowpacks
Figure 8. Depth-integrated production (maximum fluxes) of NOx and NO2 in the snowpack for the dura-
tion of the Barrow OASIS campaign, assuming all in-snow photolytic production of NOx from nitrate and
nitrite is liberated from the snowpack. The top line in each graph is total NOx photolytic production rates
(NO + NO2) and the lower line is NO2 photolytic production rates for each snowpack; note that the
corresponding left and right hand side axes have different ranges. The depth-integrated production rates
(maximum fluxes) are calculated with a concentration of 3.9 mmol l"1 of nitrate and 0.02 mmol l"1,
an average of snow measurements during the OASIS campaign, with no depth dependence. Concentrations
of chromophores are for melted snow.
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of 7–12 cm. Thus the values of measured e-folding depths
presented here are consistent with those of Rowland and
Grannas [2011] for Spring snowpacks. Previous analysis
of the error in determining e-folding depths using a fiber
optic probe placed horizontally into a snowpack determined
an uncertainty in e-folding depth of ! 20% [France et al.,
2011a]. As this study recorded irradiance at 6 depths con-
currently rather than at the 4 depths consecutively used in
the uncertainty analysis, it is expected that the error of 20%
can be considered a very conservative maximum. The three
snowpacks within the vicinity of Barrow (hard, soft and
snow on sea-ice) can all be effectively described as the same
(optically) within uncertainty, whereas the inland snowpack
has a 50% longer e-folding depth at a wavelength of 400 nm.
[40] The measured e-folding depths can be converted to
liquid equivalent e-folding depths in order to facilitate
Figure 9. Total depth-integrated production rates of OH radicals from the photolysis of hydrogen perox-
ide, nitrite and nitrate in the snowpack for the duration of the Barrow OASIS campaign. The depth-
integrated production rates are calculated with a concentration of 0.4 mmol l"1 of hydrogen peroxide,
0.02 mmol l"1 of nitrite and 3.9 mmol l"1 of nitrate. Concentrations of chromophores are for melted snow.
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comparison between different snowpacks [Lee-Taylor and
Madronich, 2002; Warren, 1982], using equation (12).
ɛliq ¼ rsnowrwater
ɛ; ð10Þ
where r is the density, ɛ is the measured e-folding depth and
ɛliq is the liquid equivalent e-folding depth.
[41] The liquid equivalent e-folding depths for the snow-
packs in Barrow are in the range 3.8–4.5 cm (for a wave-
length of 400 nm) which are a little larger than liquid
equivalent e-folding depths previously reported for Arctic
snow on sea-ice of 2–3 cm [Grenfell and Maykut, 1977], but
are within the large range of liquid equivalent e-folding
depths for Northern hemisphere snows ($1.5 cm [King and
Simpson, 2001] to $16 cm [Fisher et al., 2005]). The
snowpacks near to the Barrow Science Centre and the
snowpack on sea-ice have a liquid equivalent e-folding
depth of $4 cm at a wavelength of 400 nm, which is com-
parable to springtime measurements made at Ny-Ålesund
[France et al., 2011a; Gerland et al., 1999]. Previously it
has been stated that 85% of photochemistry occurs in the top
2 e-folding depths of snowpack [King and Simpson, 2001],
therefore for the Barrow snowpacks 85% of the photo-
chemistry occurs within the top 14–24 cm of snow cover
using e-folding depths measured at 350 nm. It should be
noted that the e-folding depths will depend upon the season
[France et al., 2010] and the metamorphic history of the
snowpack, and that the above comparison does not take this
into account.
[42] The nadir reflectivity of the snowpacks at Barrow was
relatively consistent between snowpacks, between 0.82 and
0.85 at 400 nm, and between 0.84 and 0.91 at 500 nm. The
reflectivity measurements typically have an uncertainty of
0.04 (two standard deviations), with the variation at each site
likely due to changes in surface topography and localized
impurities. Previous work investigating albedo uncertainty
suggests that a 2° slope can lead to a 10% change in albedo
depending upon illumination angle [Grenfell et al., 1994].
Previous analysis of reflectance of dry snow at Barrow
recorded a value of 0.92 at a wavelength of 400 nm [Grenfell
and Maykut, 1977] and clean Antarctic snow a value of
0.98 at a wavelength of 400 nm [France et al., 2011b].
As discussed in the next section, the low reflectivity of the
Barrow snowpacks is attributable to highly absorbing black
carbon and humic material within and on the snowpack.
4.2. The Effect of Grain Size on the Determination
of sscatt or sabs+
[43] In previous publications by the main (U.K) authors of
this work the effect of snow grain size on derived values of
sscatt or sabs+ has not been considered in a systematic manner
because the values of sscatt and sabs+ , along with the asym-
metry parameter, g, were used to calculate irradiances and
photolytic rate constants in the snow. In the work described
here the absorption cross-section of the impurities in the
snowpack are derived and it is prudent to assess whether the
grain size of the snow affects the value of the absorption
cross-section derived for the impurities in the snowpack. As
described by Lee-Taylor and Madronich [2002], the only
Figure 10. Demonstrating the linear relationship and validity of scaling NO, NO2 and OH depth-
integrated production rates of NO, NO2 and OH radicals using broadband UV measurements (295–
385 nm). Each point is a solar zenith angle between 90° and 51°, Minimum solar zenith angle was
$66° during the OASIS campaign. The snowpack was the hard snow using conditions as described in
Table 1. Similar relations exist for the other three snowpacks.
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grain-size-dependent quantity used in the radiative-transfer
calculation that is not empirically fitted to the measured
albedo and e-folding depth (values of sscatt and sabs+ are
empirically fitted) is the asymmetry parameter, g. Inspection
of the Mie calculation for 100–2000 mm diameter ice
spheres by Wiscombe and Warren [1980, Figure 4] demon-
strates that the value of the asymmetry parameter may be
bracketed by values between 0.885 and 0.895 for the
wavelengths considered in the work presented here. As a
sensitivity study of the effect of the asymmetry parameter on
the values of sscatt or sabs+ the radiative-transfer calculations
to empirically fit sscatt and sabs+ for the hard snowpack
described in Figure 1 were repeated with values of the
asymmetry parameter, g = 0.880, 0.885, 0.890, 0.895 and
0.900. The results are displayed in Table 4 for solar wave-
lengths of 400, 500 and 600 nm. Table 4 demonstrates the
values of sscatt and sabs+ derived are insensitive to the value
of asymmetry parameter.
[44] As a further test of the procedure to determine values
of sscatt and demonstrate that sscatt is sensitive to the grain
size of the snowpack the authors used the procedure outlined
in section 2.2.1 to fit sscatt to the albedos (calculated by
radiative-transfer) contained in Figure 7 of Wiscombe and
Warren [1980]. Figure 7 of Wiscombe and Warren [1980]
contains semi-infinite direct beam albedo data as a function
of wavelength, grain size (100 and 1000 mm) and black
carbon content (50, 500 and 500 ng g!1). Values of sscatt
were determined for solar wavelengths of 300, 325, 350,
375, 400, 450 and 500 nm. Values of sscatt were found to be
20 " 3 m2 kg!1 for the small grained snowpack (for all
black carbon concentrations) and 1.9 " 0.1 m2 kg!1 for the
large grained snowpack (for all black carbon concentrations)
over the wavelengths 300–500 nm.
[45] In previous work by France et al. [2010], strati-
graphic snowpack data was used to calculate the irradiance
and photolytic rate coefficients in separate windpack layers
in an Antarctic snowpack. The different windpack layers had
slightly different optical properties in the radiative-transfer
calculations owing to slightly different grain size and light-
absorbing impurity content. For windpack layers similar to
those in Figure 1 the very slight change to irradiance-depth
profiles calculated from the radiative-transfer calculations
was not worth the increase in substantial computational
effort. The typical uncertainty in sscatt owing to a 5% change
in snowpack density is " 5%7% and the typical uncertainty in
sabs+ , black carbon or HULIS owing to a 5% change in
snowpack density is " 9%6%.
4.3. The Scattering Cross-Sections of Barrow
Snowpack
[46] The values of the scattering cross-section may be
considered to be smaller than expected, but a sensitivity
analysis of the radiative-transfer modeling process to deter-
mine absorption and scattering cross-sections yielded no
large changes in the values of sscatt or sabs+ for small changes
in albedo, e-folding depth or the asymmetry parameter,
g. An expectation of greater values of sscatt(l) is due to a
possible relationship between specific surface area of snow
and scattering cross-sections [Domine et al., 2008]. Domine
et al. [2008] state there is a mathematical relationship
between snow specific surface area (SSA) and the scatter-
ing cross-section, (sscatt) and Kokhanovsky and Zege [2004,
p. 1594, equation (22)] describe this relationship. Similar
values of scattering cross-sections were recorded for coastal
snowpacks similar to Barrow in Antarctica [Beine et al.,
2006]. Domine et al. [2012] have derived values of SSA
from snowpack reflectivity in the near IR of #30–40 m2
kg!1 for surface snow, which would suggest scattering
cross-sections of 15–20 m2 kg!1. However, the results in
Figure 2 and Table 2 demonstrate typical values of sscatt #
2 m2 kg!1 were derived from the measurements of e-folding
depth and surface reflectance, and a re-investigation of the
modeling process to calculate sscatt(l) revealed no errors or
processes that could cause a large change in sscatt(l) for
a small change in the modeling parameters. An almost
identical study using identical techniques by the same
authors at DOME C in Antarctica found values of SSA of
#31 m2 kg!1 [Gallet et al., 2010], which would suggest
sscatt values of #15–16 m2 kg!1, and values of sscatt of 14–
24 m2 kg!1 were determined for surface snows [France
et al., 2011b]. Thus the relationship between SSA and
sscatt appears to be valid for snow at Dome C, but not valid
for Barrow. One obvious difference between these two
studies is the amount of light-absorbing impurities in the
snowpack as the snowpacks studied at Barrow during this
campaign are very dirty relative to the very clean snowpacks
measured at DOME C. Scattering and absorption are inde-
pendent quantities.
[47] It is not possible to drastically alter the value of sscatt
and replicate the measured e-folding depth and reflectivity
measurements by (1) changing sabs+ by 20%, (2) varying
the asymmetry parameter, g, within the limits suggested
by Wiscombe and Warren [1980] or (3) varying nadir
reflectivity or e-folding depth (i.e., measurement error) by
amounts representing experimental error. An explanation
that is occasionally proposed is the measured reflectivity
and measured e-folding depth are for different snow layers
with very different optical properties, as the measurements
of e-folding depth and nadir reflectance are in different parts
of the snowpack. Thus, it may be possible to have a thin
(<1 cm) top layer of snowpack containing all the light-
absorbing impurities, underlain by a clean snowpack.
Experience and exploratory calculations with TUV-snow
suggest such a condition would be obvious to the naked eye
as a dirty top layer of a different color to the rest of the
snowpack. No such layer was observed at Barrow and all 15
snowpits studied had similar values of sscatt (1.7–4 m2 kg!1
(l = 400 nm)). To surmise, there is no reason to suspect that
the method of determining sscatt is not robust. At the present
time an explanation for the disagreement between SSA and
sscatt for the snowpacks presented here is not available.
4.4. The Wavelength Dependence of Absorption
in Barrow Snowpack
[48] The absorption spectrum of light-absorbing impuri-
ties in the snowpack is plotted in Figure 3. The absorption
cross-section represents the total absorption of light-
absorbing impurities whether they are internal or external to
the snow grains. External light-absorbing impurities include
particles such as soil or black carbon that were trapped or
deposited since snow fall. An internal light-absorbing
impurity is likely to have been part of the original snow fall
or has been incorporated into the snow grain as a deposited
gas or during snow metamorphism. Figure 4 also compares
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the mass absorption cross-section used in this and previous
work with measurements of the mass absorption coefficients
found in Table 6 of the review by Bond and Bergstrom
[2006], and in work by Adler et al. [2010]. Figure 4
demonstrates the values of the mass absorption cross-
section from Bond and Bergstrom [2006], and Adler et al.
[2010] are similar with values used in this study. The very
interesting result of this work is that a HULIS absorber and
a black carbon absorber are required to explain the total
snowpack impurity absorption, not just black carbon.
In future it may not be possible to model UV-visible pho-
tolytic processes in the snowpack without considering
HULIS and black carbon absorptions.
[49] Comparison of the four snowpacks in Figure 3
demonstrates that the coastal snowpacks have an absorp-
tion in the wavelength region 550–600 nm that is not present
at the inland site and not accounted for by the HULIS or
black carbon absorption spectrum used in this work [Hoffer
et al., 2006]. Thus, for the three coastal snowpacks a third
light-absorbing impurity may be required. Marine microbi-
ology may be responsible for this absorption and a similar
feature has been noted in the extracted HULIS spectrum by
Voisin et al. (submitted manuscript, 2012) and melted snow
samples by Beine et al. [2012]. The feature is not present in
the inland snowpack and only sites close to the open lead at
Barrow have this absorption feature. Continued investiga-
tion is underway, but at present a realistic absorption spectra
for marine microbiological detritus in snowpack does not
exist to the authors’ knowledge. The amounts of black
carbon predicted for Barrow snowpacks are much greater
than in more remote regions of the Arctic, where average
black carbon concentrations range from 3 ng g!1 (Green-
land) to 26 ng g!1 (West Russia), with an Alaskan snowpack
average of 9 ng g!1 [Doherty et al., 2010]. However, the
derived absorption and scattering coefficients from the
work presented here are similar to previously determined
values for Alaskan snow on sea-ice from Lee-Taylor and
Madronich [2002] using data from Grenfell and Maykut
[1977]. Doherty et al. [2010] extracted and quantified
black carbon in Barrow snow in April 2007 within 10 km of
the snowpacks studied and shown in Figure 1. Lyapustin
et al. [2010] have a photograph and reflectivity data of the
snow sampled by Doherty et al. [2010] and describe it as
“fresh snow with minimal redistribution by the wind.” The
new unworked snow sampled by Doherty et al. [2010] is
very different to the old windpacked snow described in this
work in Figure 1. The windpacked snows in Figure 1 were
characteristic of the OASIS campaign and have clearly had
the opportunity to accrue more light-absorbing impurities
through multiple wind events relative to the Doherty et al.
[2010] sample. Doherty et al. [2010] highlight that they
ignored samples from the lower 40% of some snowpacks
to avoid biasing their samples with windblown soil. Such
sampling measures were not possible or desired in the study
presented here as the main aim of this work was to measure
and model the optical properties of the Barrow snowpack
during the OASIS campaign to allow photochemical pro-
duction rates to be calculated. The initial aim was not to
measure black carbon concentrations in the snowpack. Thus
a comparison of the black carbon concentrations between
snowpacks of Doherty et al. [2010] and those in Figure 1 is
not sensible. The calculated amounts of black carbon in
Barrow snow are comparable to values measured in East
Arctic Russian snow ("10 to 150 ng g!1), where sampling
was restricted to within 100 km of cities and local sources of
pollution could have become incorporated into the snow-
pack [Doherty et al., 2010]. Snow machine traffic and the
local town pollution could be the sources of the high amount
of black carbon in the Barrow area.
[50] Voisin et al. (submitted manuscript, 2012) reported
concentrations of various brown and black carbon species
in snow for some of the snowpacks studied in this work.
The values reported here are considerably higher than those
of Voisin et al. (submitted manuscript, 2012) where the
carbon concentrations in the snowpack were determined by
extracting carbon from the snowpack using various methods
(e.g., SPE cartridge, filtering etc.) and measuring carbon
content chemically. However, the values reported here
are reported optically after making assumptions about
the absorber identity. The majority of the disagreement
between Voisin et al. (submitted manuscript, 2012) and the
results shown in Table 3 may be owing to our simple
approximations for a HULIS absorber and black carbon
absorber in the snowpack. Bohren [1986] demonstrated
that reasonable uncertainties in the shape, refractive index,
and internal / external nature of black carbon with respect to
the snow grain could yield changes in the black carbon
absorption cross-section of factors of 2.2, 5 and 1.4 respec-
tively, Using the refractive index of HULIS measured by
Hoffer et al. [2006] and the mathematical approach of
Bohren [1986] results in uncertainties in the HULIS
absorption cross-section of factors of 1.8 and 1.3 for the
shape and internal / external nature of the HULIS particles
respectively. The uncertainty owing to refractive index of
HULIS was not considered, as there is more uncertainty in
the identity of the UV absorber than the value of its refrac-
tive index. There may be a small measure of disagreement
between Voisin et al. (submitted manuscript, 2012) and
Table 4. Values of sscatt and sabs+ , Calculated Empirically By Fitting the Reflectance, and e-Folding Depth for the Hard Snowpack Using
Different Values of the Asymmetry Factor ga
Asymmetry Parameter, g
l = 400 nm l = 500 nm l = 600 nm
sscatt (m2 kg!1) sabs+ (cm2 kg!1) sscatt (m2 kg!1) sabs+ (cm2 kg!1) sscatt (m2 kg!1) sabs+ (cm2 kg!1)
0.880 1.5 11.0 1.7 9.5 2.5 14.5
0.885 1.6 11.2 1.8 9.7 2.7 14.5
0.890 1.7 11.5 1.8 9.5 2.7 14.5
0.895 1.8 11.5 1.9 9.5 2.9 14.5
0.900 1.8 11.7 2.0 9.5 3.0 14.5
aNote that the values of sscatt and sabs+ , derived are insensitive to the value of g. Values are reported for the solar wavelengths of 400, 500 and 600 nm.
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values presented in Table 3 owing to how HULIS and BC
are measured and defined. It is therefore important to
understand what Figure 3 demonstrates: (1) that the total
snowpack light-absorbing impurity is not constant over 350–
600 nm, (2) that the light-absorbing impurities in snowpack
can be fitted to a combination of HULIS and black carbon
absorber and a third absorber based on marine microbio-
logical detritus may be required, and (3) estimates of con-
centration of black carbon and HULIS in snow can be
calculated from optical measurements, but these values
depend upon the physical characteristics and location of the
absorber. It should again be noted that the absorption by
snowpack impurities has been fitted to a linear combination
of black carbon and HULIS absorption spectra to demon-
strate that the absorption is consistent with a mixture of
light-absorbing snowpack impurities. It is quite possible that
the material termed HULIS could be replaced by other forms
of brown carbon, dust or other light-absorbing impurities.
The concentration of HULIS in the snowpack should be
treated as an upper limit and to represent all light-absorbing
snowpack impurities. One advantage of the technique pre-
sented here is that the total absorption of light-absorbing
impurities in the snowpack is determined without melting or
significantly perturbing the snowpack.
4.5. NOx and OH Radical in-Snow Production
Rates (Fluxes)
[51] The combined depth-integrated production rate of
NO2 and NO is the upper-bound for the NOx flux from
the snowpack, assuming all photoproduced NOx is able to
escape from the snowpack. The maximum calculated noon-
time NOx flux from the inland snow at Barrow for a solar
zenith angle of 66° is 72 nmol m!2 h!1, with 30% and 70%
from photolysis of nitrate and nitrite, respectively. The
uncertainty in the depth-integrated production rates is
approximately 20% [France et al., 2010].
[52] The photolysis of NO2
! to produce NO is not usually
considered as a significant source of NOx, but in the condi-
tions at Barrow nitrite appears to dominate, contributing
approximately 3 times more NOx than nitrate. Previously,
analysis by Chu and Anastasio [2007] demonstrate that for
OH production on ice grains (and therefore applicable to
NOx in-snow production (reactions (1) and (3)), nitrate and
nitrite photoproduction rates are comparable. A similar
result was obtained for Antarctic snow during the CHABLIS
campaign [Jones et al., 2001]. However, under the condi-
tions in Barrow nitrite photolysis is favored relative to nitrate
due to: (1) the large value of the product JNO2![NO2
!] rela-
tive to the value of JNO3![NO3
!], (2) the presence of large
ozone column, which attenuates the shorter UV wavelengths
relative to longer UV wavelengths. The maximum of the
action spectrum (product of absorption cross-section and
quantum yield) for nitrate photolysis is "302 nm, whereas
the maximum of the action spectrum of nitrite photolysis
is "355 nm. (3) the presence of a wavelength-dependent
absorber in the snowpack, with increasing absorption at
shorter wavelengths. Therefore, if the impact of nitrite
photochemistry to form NO in the snowpack is also con-
sidered and added to the NO2 production rate to give a total
NOx in-snow production rate, then the total in-snow pro-
duction for the Barrow snowpacks of 44–72 nmol m!2 h!1
is larger than the maximum flux of 40 nmol m!2 h!1 NOx
measured at Alert, Canada for a solar zenith angle of "66°
[Beine et al., 2002]. The depth-integrated production rate of
NO is dependent upon the assumption that the single site
measurement of nitrite concentration in the snowpack is
valid across the Barrow area.
[53] Snowpack emissions of NOx have previously been
demonstrated to have an impact on the oxidative capacity of
the lower troposphere [Bloss et al., 2007;Morin et al., 2008;
Wang et al., 2008; Yang et al., 2002]. The depth-integrated
production rates of NO2 presented here can only be consid-
ered to be maximum fluxes because some of the photo-
produced NO2 in the snowpack is likely to be involved in
some secondary chemistry within the snow matrix. It has
previously been suggested that 30% of the NO2 is converted
prior to release from the snowpack [Anastasio and Chu,
2009]. The release of NO2 from the snow cover to the
atmosphere is likely to be at least partly temperature con-
trolled [Boxe et al., 2006], but as sunlight-dependent fluxes
of NOx have been already observed over colder snowpacks
in Alert [Beine et al., 2002], it is unlikely that the NOx
photoproduced at Barrow in the warmer snowpacks will be
trapped within the snow microstructure to a large degree.
The mechanism for movement of photoproduced NOx from
snowpack to the atmosphere appears to be mostly influenced
by windpumping at the surface of the snowpack and gas
diffusion deeper into the snowpack [Thomas et al., 2011].
The complexity of the nitrate photochemical system in snow
is discussed by Bock and Jacobi [2010].
[54] The increased black carbon (and HULIS) absorption
in the coastal snowpacks relative to inland snow reduces the
predicted amount of photolytic NOx production in the
coastal snowpack by a factor of "1.7 relative to the cleaner
inland snowpack (Figure 8). The effect of increasing black
carbon concentration upon the Alaskan snowpack photo-
chemistry is explored in detail by H. J. Reay at al.
(Decreased albedo, light penetration depth and photolytical
production of OH radicals and NO2 in Barrow snowpack:
A scenario of increasing black carbon, submitted to Journal
of Geophysical Research, 2012).
[55] The calculated depth-integrated production rates of
total OH radical production from the photolysis of H2O2,
NO3
! or NO2
!IO in Barrow snowpacks are shown in
Figure 9, demonstrating that the variation in snowpack
absorption and scattering cross-sections between the Barrow
snowpacks only causes a small variation of the in-snow
photochemical production of OH by a factor of less than 2.
The in-snow photochemical production of OH radicals may
well be a driving factor in the formation and release from the
snowpack of organic compounds that appear to have a
photochemical source [Anastasio et al., 2007; Hutterli et al.,
2004; Sumner et al., 2002]. The importance of OH radical
production with respect to halogen release from snowpack is
demonstrated through the dynamically coupled atmospheric-
snow modeling performed by Thomas et al. [2011]. The
relative contributions of OH production by H2O2, NO3
! or
NO2
! are approximately 60%, 4% and 36%, respectively.
It was previously calculated that nitrite and nitrate photolysis
contributed a similar amount of OH radicals to the snowpack
inventory [Chu and Anastasio, 2007], but the snowpack
conditions in Barrow with large nitrite concentrations and
FRANCE ET AL.: ALASKAN SNOW OPTICS AND PHOTOCHEMISTRY D00R12D00R12
18 of 21
relatively low H2O2 concentrations favor the production
of OH radicals from nitrite (relative to nitrate) compared
to previous calculations, but still a factor of !2 smaller
than H2O2.
5. Conclusions
[56] The investigations into the optical properties of the
snowpacks at Barrow and subsequent in-snow photochemi-
cal modeling have allowed a number of important conclu-
sions to be drawn from the work:
[57] 1. It is important to accurately account for spectrally
resolved absorption by both black carbon and non-black
carbon impurities in the snowpack because non-black carbon
impurities have a large absorption cross-section at the short
solar wavelengths, responsible for photolytic reactions in the
snowpack. The relative importance of the photolysis of
nitrite (versus nitrate) as a source of NOx from the snowpack
is increased when absorption of short wavelength solar
radiation by non-black carbon impurities is considered.
[58] 2. Estimates of depth-integrated production rates can
be scaled and approximately correlated with downwelling
UV irradiance for individual snowpacks.
[59] 3. The importance of NO fluxes from the snowpack
owing to nitrite photolysis may have been significantly
overlooked during previous campaigns. From the calcula-
tions in this work, NO from nitrite photolysis is approxi-
mately three times larger than NO2 from nitrate photolysis.
The contribution of nitrite to OH radical production in the
snowpack is approximately half that of hydrogen peroxide.
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Appendix 2 
 
Snowpack in Barrow, Alaska: OASIS Spring Campaign 
2009 
 
A2.1 Introduction 
A summary of the snowpacks investigated around the Barrow area for OASIS 09 
are presented in chapters 2a and 2b, including basic stratigraphy, surface albedo, 
light attenuation within the snow, absorption spectra due to impurities and 
calculated in-snow photochemical reaction rates.  The absorption profiles for the 7 
snowpacks measured are presented here in Appendix 2. 
 
A2.2 Absorption Cross-section 
Figures A2.1-2.7 show the absorption cross-sections for the snowpack 
measurement during the Barrow OASIS 2009 campaign. 
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Figure A2.1.  Absorption cross-section for the snowpack on Day 68.  The Upper Limit for black 
carbon concentration in the snowpack, assuming all absorption at 600nm is due to black carbon, is 
20 ng(carbon)g
-1
(snow). 
 
 
Figure A2.2.  Absorption cross-section for the snowpack on Day 69.  The Upper Limit for black 
carbon concentration in the snowpack, assuming all absorption at 600nm is due to black carbon, is 
20 ng(carbon)g
-1
(snow). 
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Figure A2.3.  Absorption cross-section for the snowpack on Day 70.  The Upper Limit for black 
carbon concentration in the snowpack, assuming all absorption at 600nm is due to black carbon, is 
340 ng(carbon)g
-1
(snow). 
 
 
Figure A2.4.  Absorption cross-section for the snowpack on Day 72.  The Upper Limit for black 
carbon concentration in the snowpack, assuming all absorption at 600nm is due to black carbon, is 
180 ng(carbon)g
-1
(snow). 
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Figure A2.5.  Absorption cross-section for the snowpack on Day 76.  The Upper Limit for black 
carbon concentration in the snowpack, assuming all absorption at 600nm is due to black carbon, is 
120 ng(carbon)g
-1
(snow). 
 
 
Figure A2.6.  Absorption cross-section for the snowpack on Day 79.  The Upper Limit for black 
carbon concentration in the snowpack, assuming all absorption at 600nm is due to black carbon, is 
130 ng(carbon)g
-1
(snow). 
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Figure A2.7.  Absorption cross-section for the snowpack on Day 85.  The Upper Limit for black 
carbon concentration in the snowpack, assuming all absorption at 600nm is due to black carbon, is 
50 ng(carbon)g
-1
(snow). 
 
A2.3 Scattering and absorption coefficients for the Barrow 
snowpack 
The absorption and scattering coefficients, at 400 nm, for all snowpacks measured 
throughout the Barrow campaign can be found in Table A2.1. 
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Day Number !
scatt
 / m
2
 kg
-1 
!
abs
+
 / cm
2
 kg
-1
 
68 4 12 
69 2.5 8 
70 4 37 
72 1.5 16 
76 2 21 
79 2 11 
85 2 12 
Table A2.1.  Absorption and scattering coefficients derived to allow the calculation of in-snow 
photochemistry using TUV-snow. 
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[1] The contribution of snow photochemistry to snow and atmospheric oxidative capacity
is controlled, in part, by snow albedo and e-folding depths in snow. Albedo and e-folding
depths (and thus snow photochemistry) are a function of black carbon concentration in
snow. The paper presented here demonstrates the complicated response of albedo,
e-folding depth (wavelengths 300–600 nm) and depth-integrated production rates of
NO2 and OH radicals to increasing black carbon concentration in well-characterized
snowpacks of the Barrow OASIS campaign, Alaska. All snowpacks were reworked layered
windpacks and were found to have similar responses to changes in black carbon
concentration. The radiative-transfer calculations demonstrate two light absorption
regimes: ice-dominated and black carbon dominated. The ice-dominated and black carbon
dominated behavior of albedo, e-folding depth and depth-integrated production rates with
increasing black carbon concentrations are presented. For black carbon concentrations
greater than 20 ng g!1 (wavelength range of 300–600 nm), e-folding depth and
depth-integrated production rate have an inverse power law relationship with black carbon
concentration. Doubling the black carbon concentration decreases the e-folding depth to
"70% of the initial value and for solar zenith angles greater than 60#, doubling the black
carbon concentration decreases depth-integrated production rates of NO2 and OH to "70%
and "65% of their original values respectively.
Citation: Reay, H. J., J. L. France, and M. D. King (2012), Decreased albedo, e-folding depth and photolytic OH radical
and NO2 production with increasing black carbon content in Arctic snow, J. Geophys. Res., 117, D00R20,
doi:10.1029/2011JD016630.
1. Introduction
[2] Recent climatic changes in the Arctic i.e., thinning
sea-ice, early springs and glacier retreat is, in part, due to
warming associated with increased black carbon content in
Arctic snow [Hansen and Nazarenko, 2004]. Trace amounts
of dust, HULIS (HUmic Like Substances) and black carbon
deposited on or within a snowpack can reduce its albedo
relative to pure snow [e.g., Clarke and Noone, 1985;
Warren, 1982;Warren and Wiscombe, 1980b, 1985; France
et al., 2011b]. Changes in the extent of global snow and ice
can account for up to fifty percent of interannual variability
in planetary albedo [Qu and Hall, 2005]. Studies have
shown that the albedo of snow can be reduced by "1% with
the addition of "10 ng g!1 of black carbon in snow [Clarke
and Noone, 1985; Flanner et al., 2007; Grenfell et al.,
2002; Hansen and Nazarenko, 2004; Jacobson, 2004].
Hansen and Nazarenko [2004] suggest black carbon in
snow is a factor of two more efficient than atmospheric
carbon dioxide in altering global air temperatures and has a
maximum global radiative forcing of +0.3 W m!2. Typical
concentrations of black carbon (found in snow throughout
the world) are 0.2–60 ng g!1 with extreme values greater
than 250 ng g!1 [e.g., Clarke and Noone, 1985; Hansen
and Nazarenko, 2004, Hegg et al., 2010]. Using the
method developed by Clarke and Noone [1985], Doherty
et al. [2010] reported equivalent black carbon, Cequiv
BC , (the
mass of black carbon present in the snow to account for
total light absorption in the snowpack) concentrations in the
Canadian and Alaskan Arctic as 14 $ 7 ng g!1. Increasing
concentrations of black carbon in snow increases the
amount of incident light absorbed by snow [Warren, 1984;
Warren et al., 2006] and decreases the e-folding depth of
the snowpack. The e-folding depth is a useful metric in
snow photochemistry and is the depth for irradiance to
decrease to 1e (or "37%) of its initial value within a snow-
pack. The e-folding depth, ɛ, can be mathematically defined
using equation (1)
Id
Id′
¼ e!d!d′ɛ ð1Þ
1Department of Earth Sciences, Royal Holloway University of London,
Egham, UK.
Corresponding author: M. D. King, Department of Earth Sciences,
Royal Holloway University of London, Egham, TW20 0EX, UK.
(m.king@es.rhul.ac.uk)
©2012. American Geophysical Union. All Rights Reserved.
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D00R20, doi:10.1029/2011JD016630, 2012
D00R20 1 of 11
where Id is the irradiance in snow at a depth d relative to a
reference irradiance Id′ at depth d′. Depth, d, is deeper than
d′. Note d′ is a few cm below the surface of the snowpack
where all irradiance is isotropic [e.g., King and Simpson,
2001].
[3] Snowpack is an efficient medium for chemical pho-
tolysis [e.g., Dominé and Shepson, 2002; Grannas et al.,
2004, 2007] and reduction of the e-folding depth by
increasing black carbon concentration in the snow will
reduce the rate of photolysis of impurities and pollutants in
the snowpack such as nitrate [e.g., Fisher et al., 2005; France
et al., 2010; King and Simpson, 2001]. Photolysis of nitrate,
NO3
!, in the snowpack produces a molecular flux of NO2
from the snowpack to the atmosphere (reaction (2))
[Anastasio et al., 2007; Beine et al., 2006, 2008; Chu and
Anastasio, 2007; Fisher et al., 2005; France et al., 2007,
2010; King and Simpson, 2001; Simpson et al., 2002] and a
decrease in the molecular flux of NO2 with increasing black
carbon content is expected. Hydroxyl radicals, OH, are also
produced in the snowpack by photolysis of the nitrate anion
(2) and independently by the photolysis of hydrogen perox-
ide (4) (both naturally found in snowpacks).
NO!3 þ hv→NO2 þ O! ð2Þ
O! þ H2O→OHþ OH! ð3Þ
H2O2 þ hv→ 2OH ð4Þ
Production of hydroxyl radicals may be responsible for hal-
ogen activation and fluxes of organic chemicals from the
snow [e.g., Abbatt, 2003; Chu and Anastasio, 2005; Dominé
and Shepson, 2002; Peterson and Honrath, 2001]. Larger
molecular fluxes of NO2 from the snowpack or larger yields
of OH radicals in the snowpack are associated with a larger e-
folding depth [e.g., Fisher et al., 2005; France et al., 2010]
and less light absorption by snowpack or its impurities (i.e.,
less black carbon or other light-absorbing snow impurities
such as dust or HULIS).
[4] Previous radiative-transfer calculations of light prop-
agation in snowpack undertaken by the authors and others
have always required the addition of black carbon to the
snow to match the modeled snowpack reflectivity and
e-folding depth with field measurements of e-folding depth
and reflectivity of snowpacks [e.g., Beine et al., 2006; Fisher
et al., 2005; France et al., 2010; King et al., 2005, Lee-
Taylor and Madronich, 2002]. Increases in the concentra-
tion of black carbon may decrease the albedo, e-folding depth
and flux of chemicals from the snowpack and vice versa.
Previous studies have considered the effect of black carbon
on snowpack albedo [e.g., Aoki et al., 2000; Chylek et al.,
1983, 1987; Flanner et al., 2007; Warren and Wiscombe,
1980b, 1985] but to the authors’ knowledge the response of
e-folding depth and depth-integrated production rate of che-
micals from snowpack has not been quantified solely as a
function of black carbon concentration in snowpack. The
detailed field and modeling study of the Barrow snowpacks
during the OASIS campaign [France et al., 2012] provided
enough data to allow e-folding depth, albedo and depth-
integrated production rates to be calculated as a function of
black carbon.
[5] The paper describes in detail one of these snowpacks
and the results from all four snowpacks described in France
et al. [2012] are in the auxiliary material.1
2. Modeling Procedure
[6] Albedo, e-folding depth and depth-integrated produc-
tion rates of OH and NO2 radicals for four Barrow snow-
packs [France et al., 2012] are calculated from irradiances
within snowpack as a function of black carbon content, solar
zenith angle and sky conditions (i.e., clear or completely
cloudy skies). It is necessary to describe (a) the snowpits
selected for this study (b) the radiative-transfer calculations
of irradiance in the snow and (c) the calculations of albedo,
e-folding depth and depth-integrated production rates from
irradiances in the snow.
2.1. Snowpacks
[7] Generally the snowpack stratigraphy constituted a
basal depth hoar with intermediate layers of faceted crystals
and windpacked top layers frequently coated with a thin
layer of diamond dust [Domine et al., 2011]. The four
snowpacks were ‘soft’, ‘hard’, ‘snow on sea-ice’ and
‘inland’ and the snowpack considered here is the hard
snowpack. The hard snowpack (also considered in France
et al. [2012]) was located at 71.31896%N, 156.6723%W and
consisted of rounded grains with a density of 0.38 g cm!3
and a temperature of !15%C. Scattering values, sscatt, of
2.0, 2.0, 1.8, 1.8, 2.0, 2.2 and 3.0 were found at wavelengths
of 300, 350, 400, 450, 500, 550 and 600 nm respectively.
The snowpack is characteristic of the snowpack around
the atmospheric chemistry experiments near the BARC
building.
2.2. Radiative-Transfer Calculations
[8] Irradiances in the snowpack were calculated using the
radiative-transfer code in the model TUV-snow [Lee-Taylor
and Madronich, 2002]. TUV-snow is a coupled atmosphere-
snow radiative-transfer model with an eight-stream discrete-
ordinates scheme [Stamnes et al., 1988]. Downwelling and
spherical irradiances of short-wave radiation (l = 280–700 nm,
Dl = 1 nm) were calculated from the top of the atmosphere
through sixty-five unequal layers, varying from 0.001, 0.01,
1 or 2 km, to 30 unequal snow layers varying from either 0.1,
0.5, 1, 5 or 10 cm (5 thinner layers (1 mm) are at the snow
surface) all within a 1 m snowpack. The atmosphere was
modeled with and without thick clouds to calculate irra-
diances (and thus photolysis rate coefficients) for photo-
chemical reactions in snow for clear sky conditions and to
calculate albedo and e-folding depths for diffuse sky condi-
tions respectively. To obtain diffuse sky conditions a 100 m
thick cloud layer is placed 1 km above the ground with an
optical depth of 16, an asymmetry factor of 0.86 and single
scattering albedo of 0.9999. For the work presented here
the albedo of the snowpack was calculated as a ratio of
upwelling and downwelling irradiance at the snow surface.
The e-folding depth, ɛ, was calculated by fitting equation (1),
to the downwelling irradiances, Id, at depths, d, of 10, 20, 30
and 40 cm in the snowpack with a reference depth, d′, of
1Auxiliary materials are available in the HTML. doi:10.1029/
2011JD016630.
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10 cm. The depths of 10, 20, 30 and 40 cm are within the
asymptotic zone [Simpson et al., 2002;Warren, 1982] where
any direct radiation entering the snowpack is effectively
diffused due to multiple scattering within the upper few cm
of the snowpack.
[9] The albedo of a snowpack is a function of solar zenith
angle [Warren, 1982, 1984; Warren and Clarke, 1986;
Warren and Wiscombe, 1985]. The albedo measured under
diffuse-only solar illumination (i.e., no direct radiation or
solely isotropic radiation) is not dependent on solar zenith
angle. The albedos are reported for diffuse solar radiation to
demonstrate the effect of increasing black carbon on snow-
pack albedo and not the effect of solar zenith angle on
snowpack albedo. The calculation of the e-folding depth is
independent of the absolute values of irradiance incident on
the snow surface and independent of the solar zenith angle
as the e-folding depth is only measured in the asymptotic
zone of the snowpack (i.e., below the top few cm) where all
solar direct radiation has been converted to diffuse radiation
by multiple scattering in the top few cm of snow [France
and King, 2012; King and Simpson, 2001; Lee-Taylor and
Madronich, 2002]. Depth-integrated production rates for
the photolysis of H2O2 and NO3
! (reactions (2) and (4))
were calculated for clear skies at four solar zenith angles:
60", 69", 75", 86". The Earth-Sun distance was based on the
date of measurement of 11th March 2009, the ozone column
was 428 Dobson units with no atmospheric aerosol (the
presence or absence of atmospheric aerosol will not effect
the calculation of e-folding depth or diffuse albedo).
Exploratory calculations showed that the inclusion of an
atmospheric aerosol profile described by Elterman [1968]
reduces the photolysis coefficient for the photolysis of
NO2 by #10% at 5 cm depth in the snowpack. Previous
work by the authors [Fisher et al., 2005; France et al.,
2007, 2010, 2011a, 2012; King et al., 2005] have neglec-
ted atmospheric aerosol column and the work presented
here is consistent with that work. The value of under-snow
albedo is not important in the work described here as the
snowpack thickness is large enough (typical >3–5 e-folding
depths) to ensure it is optically semi-infinite as demon-
strated in France et al. [2010] and previously by Warren
and Wiscombe [1980a]. The asymmetry factor, g, used for
snow was 0.89 [Lee-Taylor and Madronich, 2002]. Aoki
et al. [2000] investigated the difference for single scatter-
ing parameters (asymmetry parameter, g) for snow grains
between Mie theory and Henyey-Greenstein theory and note
that for BRDF calculations at greater than 1.4 mm there is a
difference in asymmetry parameters determined by the dif-
ferent methods. However, for albedo and at wavelengths
less than 1.4 mm the Mie theory gives the same results as
the Henyey-Greenstein theory.
[10] The optical properties of the snowpack may be char-
acterized by wavelength dependent scattering and absorption
cross-sections [Lee-Taylor and Madronich, 2002]. The
absorption cross-section, sabs, is the sum of light absorption
owing to water-ice, sabsice , and absorption owing to all light-
absorbing species in the snowpack, sabs+ ; for the study pre-
sented here, all absorption by light-absorbing species in the
snowpack is due to black carbon. The absorption cross-
section of ice was taken from Warren and Brandt [2008]
and is plotted in Figure 1. The ice absorption cross-section
is not well known in the wavelength region of 200–400 nm.
Warren and Brandt [2008] noted the imaginary part of the
refractive index of ice is effectively no different from zero
(below 2 $ 10!11) in this wavelength region and therefore
the value of the ice absorption cross-section used in this
work is a linearly interpolated value between values for
wavelengths of 200–400 nm.
[11] The absorption cross-section of black carbon particles
was calculated after the work of Warren and Wiscombe
[1985, 1980b] and using the Mie code of Bohren and
Huffman [1983]. The absorption cross-section used for the
black carbon particle is reproduced in Figure 1. Briefly the
black carbon particles were assumed to be spheres of radius
0.1 mm, with a density of 1 g cm!3 and a complex refractive
index of 1.8–0.5i. The uncertainty in these properties will be
discussed later. The calculated absorption cross-section for
black carbon agrees well with the measured black carbon
absorption cross-section from Bond and Bergstrom [2006],
as shown in France et al. [2012]. Albedo and e-folding
depths were calculated at seven discrete wavelengths: 300,
350, 400, 450, 500, 550 and 600 nm while photolysis rate
coefficients were calculated every nanometer over 290–600
nm. The albedo, e-folding depth and photolysis rate coeffi-
cients for reactions (2) and (4) were calculated with con-
centrations of black carbon in snow of 1, 2, 4, 8, 16, 32,
64, 128, 256, 512 and 1024 ng g!1. The range encompasses
the present-day black carbon concentrations of the Barrow
snowpack but also with higher and lower concentrations to
assess how increasing/decreasing black carbon concentra-
tion will affect the e-folding depth, albedo and photolysis
rate coefficients. The concentrations of black carbon bracket
the values found experimentally [Doherty et al., 2010]. To
demonstrate the accuracy of the radiative-transfer method
described above, the albedo and e-folding depth were cal-
culated for a Barrow snowpack described in France et al.
[2012]. Figure 2 demonstrates a measured nadir reflectiv-
ity and e-folding depth, and a sample model fit to the
Figure 1. Absorption of ice and the absorption cross-
section of a spherical black carbon particle calculated from
Mie theory (density = 1 g cm!3, complex index of refraction =
1.9–0.5i, media index of refraction = 1.0, particle size radius =
0.1 mm). See Warren and Brandt [2008, Figure 1], Warren
and Wiscombe [1985, Figure 1], and Warren and Wiscombe
[1980a, 1980b] for further details.
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measurements using scattering cross-sections and absorp-
tion cross-sections in France et al. [2012]. Reproducing
snow reflectivity and e-folding depth simultaneously is a
rigorous test of the method as there are less parameters
(more constrained) than fitting simply albedo [e.g.,
Jacobson, 2004].
2.3. Depth-Integrated Production Rate Calculations
[12] Detailed descriptions for the calculation of photolysis
rate coefficients, J, and depth-integrated production rates are
found in France et al. [2012]. Briefly, photolysis rate
coefficients, J, for reactions (2) and (4) were calculated
using,
J ¼
Zl¼600nm
l¼290nm
s l;Tð Þ6 l;Tð ÞI q;lð Þdl; ð5Þ
where s is the absorption cross-section for NO3$ or H2O2
taken from Chu and Anastasio [2003, 2005] respectively,
6 is quantum yield (0.71 for H2O2 and 0.34 % 10$3 for
NO3
$) with values adjusted for temperature (T = $10&C)
taken from Chu and Anastasio [2003, 2005] respectively;
I is the spherical (or point) irradiance, sometimes termed
‘actinic flux’, calculated using TUV-snow [Lee-Taylor and
Madronich, 2002] within the snowpack. Warren and
Wiscombe [1980a] note that the diffuse albedo for snow-
packs approximates the direct albedo at a solar zenith angle
of '60&. Thus, to a first approximation, the photolysis rate
coefficient calculated at a solar zenith angle of 60& may be
taken as representative of diffuse-only sky conditions.
Depth-integrated production rates, F, of NO2 and OH radi-
cals were calculated using equation (6)
F ¼ x½ )
Zz¼1m
z¼0m
J dz ð6Þ
where z is the depth into the snowpack and [x] is the con-
centration of NO3
$ or H2O2; 3.9 mmol L$1 [Jacobi et al.,
2012] and 0.4 mmol L$1 [Beine et al., 2011] respectively.
A depth-integrated production rate of NO2 may be consid-
ered equal to a potential molecular flux of photolytically
produced NO2 from the snowpack to the atmosphere in the
absence of secondary reactions, photolysis or any impedi-
ment by the crystal matrix. Hydroxyl radicals are very
reactive and have a very short lifetime thus they are not
considered to advect from the snowpack.
[13] Equation (6) assumes a depth-independent concen-
tration of hydrogen peroxide or nitrate. France et al. [2007]
demonstrated the concentration-depth dependence of a
chromophore tends to decrease over an order of magnitude
with depth compared to light irradiance which decreases
over many orders of magnitude over the same snow depth.
France et al. [2007] also demonstrated the depth-integrated
production rate of hydroxyl radical from the South Polar
snowpit varied by 3–5% when considering depth-dependent
chromophore concentrations or constant depth chromophore
concentrations.
3. Results
3.1. Effect of Black Carbon Concentration
on e-folding Depth
[14] Figure 3 plots e-folding depth versus black carbon
concentration. The variation of e-folding depth with black
carbon has two regimes dependent on black carbon con-
centration: In the first regime, the concentration of black
carbon is less than 20 ng g$1 and light absorption is domi-
nated by ice. The wavelength dependence of e-folding
depths (for wavelengths 450–600 nm) is due to the absorp-
tion cross-section of ice, sice, increasing quickly with
wavelength over the range 450–600 nm, as shown in
Figure 2. The e-folding depth and reflectance measured
for the hard snowpack during the Barrow OASIS cam-
paign [France et al., 2012] compared to modeled e-folding
depth and reflectance using TUV-snow [Lee-Taylor and
Madronich, 2002], with wavelength variable snow optical
properties (sabs+ and sscatt) and a snowpack density of
0.38 g cm$3.
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Figure 1. In the second regime, black carbon concentration is
greater than 20 ng g!1, and the absorption of solar radiation
in the snowpack is dominated by black carbon (Figure 3).
The variation of the absorption cross-section of black
carbon, sabs+ , with wavelength is small relative to ice and
decreases from 300 nm to 1000 nm, i.e., opposite behavior
to the absorption cross-section of ice with wavelength
(Figure 1).
[15] For concentrations of black carbon greater than
10–20 ng g!1 (depending on wavelength), the variation of
e-folding depth with respect to black carbon concentration
obeys a simple power law (as shown in Figure 3).
e-folding depth ¼ aE black carbon½ $!bE ð7Þ
The curves in Figure 3 are fitted to equation (7) for each
wavelength. The values of aE and bE are displayed in
Table 1 along with the range of black carbon concentration
over which the power law is valid. The exponent, bE, in
equation (7) is approximately !0.5 thus a doubling of the
black carbon concentration (above 10–20 ng g!1) will
reduce the light penetration depth to '70% of its initial
value. All values have an uncertainty of 1 standard devia-
tion from fitting the power law.
3.2. Effect of Black Carbon Concentration on Albedo
[16] Figure 4 plots decreasing albedo with increasing
black carbon concentration under diffuse sky conditions.
Large decreases of the albedo for increasing black carbon
are noted but the albedo response for each wavelength is
different. As the black carbon concentration increases
the wavelength dependence of the albedo reverses as the
absorption of light within the snowpack is influenced more
by black carbon and less by water-ice as described in
section 3.1. The relationship in equation (7) is not valid for
albedo. The decrease or increase in albedo for doubling or
halving the concentration of black carbon around 32 ng g!1
is approximately 2–3%.
3.3. The Effect of Black Carbon Concentration
on Snowpack Photochemistry
[17] Figures 5 and 6 plot the variation of F(NO2) and
F(OH), respectively, as a function of black carbon concen-
tration. The dependence of F(NO2) and F(OH) on the con-
centration of black carbon matches the behavior shown in
Figure 3 for the e-folding depth, with ice dominated
absorption below 20 ng g!1 and black carbon dominated
absorption above 20 ng g!1. The variation of F(NO2) and
F(OH) with black carbon is fitted to the power law in
equation (8) and the values of aF and bF are in Table 2.
F NO2 or OHð Þ ¼ aF black carbon½ $!bF ð8Þ
Note the value of bF for all snowpack with black carbon
concentrations greater than 16 ng g!1 and a solar zenith angle
of greater than 60( is approximately !0.5 for F(NO2) and
approximately !0.6 for F(OH). Thus, a doubling of snow-
pack black carbon concentration will reduce F(NO2) and
F(OH) to '70% and '65% of initial values respectively.
[18] The decrease in depth-integrated production rates of
OH radicals and NO2 molecules with increasing black
carbon concentrations were calculated at four different solar
zenith angles and clear skies (Figures 5 and 6). The black
carbon concentrations used in the calculations were between
1 and 1024 ng g!1, a range that encompasses the present-
day black carbon concentrations of the Barrow snowpack
Figure 3. The e-folding depths plotted versus black carbon
concentration for solar wavelengths of 300, 350, 400, 450,
500, 550 and 600 nm under diffuse sky conditions (nominal
solar zenith angle of 69().
Table 1. Power Law Coefficients For Relating e-Folding Depth, ɛ, to Black Carbon Concentration (ɛ = aE[black carbon]!bE) for Black
Carbon Concentrations Greater Than 20 ng g!1
Snow Type Wavelength (nm) aE (cm ngbE g!bE) !bE
Range of [Black Carbon] Equation (7)
is Valid Over (ng g!1)
Hard 300 89.1 ) 0.911 0.489 ) 0.00353 8–512
350 96.2 ) 1.36 0.485 ) 0.00487 8–512
400 100 ) 1.63 0.482 ) 0.00562 8–512
450 98.8 ) 1.79 0.479 ) 0.00624 8–512
500 92.3 ) 1.50 0.480 ) 0.0046 16–512
550 81.2 ) 2.28 0.467 ) 0.00675 32–512
600 55.8 ) 2.94 0.406 ) 0.0125 32–512
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but also with higher and lower concentrations to assess how
increasing/decreasing black carbon concentration will affect
snowpack photochemistry. The large black carbon con-
centrations used in this study are probably unrealistically
large. Depth-integrated photolytic production rates reported
by France et al. [2012] are the actual values calculated for
the OASIS 2009 campaign as absorption by both HULIS
and black carbon is considered. Chemical measurements of
black carbon and HULIS were made by Voisin et al. [2012].
The study presented here considers only black carbon
absorption (the most efficient absorber per gram of carbon
among aerosol carbonaceous constituents [Hoffer et al.,
2006]) to assess how varying black carbon concentrations
will affect the photochemical production rates of snowpacks.
Note the three other snowpacks studied by France et al.
[2012] gave similar results as those shown in Figures 3–6
and are included for completeness in the auxiliary material.
4. Discussion
[19] The discussion will focus on five aspects of the work:
the identity of the light-absorbing snowpack impurities, the
absorption spectrum of black carbon and the effect of black
carbon concentration on snowpack e-folding depth, albedo
and snowpack photochemistry.
4.1. Identity of the Light-Absorbing Impurity
[20] The main sources of organic carbon to the atmosphere
and to snowpack are anthropogenic activities and biomass
burning [e.g., Hegg et al., 2009; Goldberg, 1985; McConnell
et al., 2007], the optical parameters of organic carbon from
biomass burning aerosols have been reported by Kirchstetter
et al. [2004]. Brown carbon, which includes HULIS (Humic
Like Substances), is highly abundant yet a weaker absorber of
visible light than black carbon which has the highest absorp-
tion cross-section among carbonaceous constituents of aero-
sols and therefore contributes significantly to atmospheric
absorption by aerosols [e.g.,Hoffer et al., 2006]. France et al.
[2012] demonstrated that black carbon alone could not
account for all the absorption seen in the Barrow snowpacks
and an additional absorption by HULIS and other chromo-
phores was necessary to explain variation of the cross-section
of light-absorbing impurities in snowpack, sabs+ , with wave-
length. It is important to note the effect of increased absorp-
tion due to impurities within the snowpack upon snowpack
photochemistry, e-folding depth and albedo, especially black
carbon as it is produced mainly by anthropogenic activity and
therefore black carbon emissions are likely to be regulated or
change in future. A reader of this work may adjust the results
in Figures 3 and 4 for another light-absorbing impurity (or
change the properties of the black carbon particle) without
Figure 4. Albedos i.e., ratio of upwelling and downwelling
irradiance plotted versus black carbon concentration for light
wavelengths of 300, 350, 400, 450, 500, 550 and 600 nm
under diffuse sky conditions (nominal solar zenith angle
of 69!).
Figure 5. Depth-integrated production rates of NO2, F(NO2),
versus black carbon concentration from the Barrow OASIS
campaign. The depth-integrated production rates are calcu-
lated with a NO3
" concentration of 3.9 mmol L"1 [Jacobi
et al., 2012] and at solar zenith angles of 60!, 69!, 75!
and 86! under clear sky conditions. Note that all axes are
plotted on a logarithmic scale.
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repeating the radiative-transfer calculations. The concentra-
tion of black carbon may be converted to a specific absorption
by snowpack light absorbing impurities (i.e., sabs+ in France
et al. [2012]) by multiplying values on the ordinate of
Figures 3 and 4 with the absorption cross-section of black
carbon (at the correct wavelength) in Figure 1. Dividing the
specific absorption (sabs+ ) by the cross-section of the new
absorber at the correct wavelength will allow the albedo and
e-folding depth in Figures 3 and 4 to be reported as a func-
tion of concentrations of the new absorber. An example
(replacing black carbon with HULIS) is included in the
auxiliary material as a useful example.
4.2. Black Carbon Absorption Spectrum
[21] A proxy for black carbon in snow was adopted from
the literature [e.g., Bohren, 1986; Roessler and Faxvog,
1980; Warren and Wiscombe, 1980b, 1985]. The major
sources of uncertainty of the black carbon absorption cross-
section are the values of the index of refraction, size and
location of the soot particle relative to the snow crystal/
grain. A black carbon particle internal to the snow grain
increases the absorption cross-section of the composite par-
ticle by a factor of 1.4 relative to the black carbon particle
external to the snow grain [Bohren, 1986]. In this work the
black carbon was deposited external to the snowpack i.e., the
black carbon was rimed onto the snow during snowfall or
collected on the snowpack by atmospheric deposition or
wind pumping. Chylek et al. [1983] added black carbon
throughout the snow grain and using a very similar radiative-
transfer model to Warren and Wiscombe [1980a] calculated
snow albedo. It is not clear if black carbon should be mod-
eled internal or external to the snow grain and the study
described here has taken the majority view. The imaginary
index of refraction, and therefore the absorption spectrum, of
black carbon span a factor of 5 [e.g., Roessler and Faxvog,
1980; Bohren, 1986]. France et al. [2012] demonstrate the
black carbon absorption spectra in Figure 1 is consistent
with experimental measurements [Bond and Bergstrom,
2006]. The third uncertainty is the shape of the black car-
bon, a spherical black carbon particle was used [e.g., France
et al., 2011a; Warren and Wiscombe, 1980b, 1985]. A nee-
dle or disk shape increases the absorption cross-section by a
factor of 1.48 and 2.1 relative to the sphere [Bohren, 1986].
Comprehensive arguments by Bohren [1986] and Warren
and Wiscombe [1980a, 1980b, 1985] justify the choice of
black carbon properties used in this study. Fieldwork
investigating black carbon in snow [i.e., Hegg et al., 2009;
Clarke and Noone, 1985; Doherty et al., 2010; Ming et
al., 2009] show that the concentration values of black car-
bon chosen in this work are reasonable. Jacobson [2004],
Qian et al. [2009], Wang et al. [2011], Warren [1984], and
Warren and Wiscombe [1980a, 1980b, 1985, Figure 1] have
all investigated the effect of black carbon on albedo. The
study presented here is different because it takes into
account real snowpacks characterized both by e-folding
depth and albedo, and reports the effects of black carbon
concentration on e-folding depth, albedo and photochemical
fluxes. Atmospheric deposition of black carbon to
Figure 6. Depth-integrated production rates of OH radi-
cals, F(OH), from the photolysis of hydrogen peroxide in
the snowpack from the Barrow OASIS campaign. The
depth-integrated production rates are calculated with an
H2O2 concentration of 0.4 mmol L!1 [Beine et al., 2011]
and at solar zenith angles of 60", 69", 75" and 86" under
clear sky conditions. Note that all axes are plotted on a log-
arithmic scale.
Table 2. Power Law Coefficients for Relating F(NO2) and F(OH) to Black Carbon Concentration (ɛ = aF[black carbon]!bF) for Black
Carbon Concentrations Greater Than 20 ng g!1 and Solar Zenith Angles Greater Than 60"
Snow
Type
Solar
Zenith Angle
(deg)
F(NO2) F(OH)
aF
(cm ngbF g!bF) !bF
Range of [Black Carbon]
Equation (7) is Valid Over
(ng g!1)
aF
(cm ngbF g!bF) !bF
Range of [Black Carbon]
Equation (7) is Valid Over
(ng g!1)
Hard 60 191 # 9.39 0.497 # 0.014 16–512 1650 # 39.7 0.591 # 0.00713 16–512
69 100 # 4.93 0.497 # 0.0141 16–512 923 # 22.6 0.591 # 0.00727 16–512
75 54.8 # 2.71 0.497 # 0.0141 16–512 541 # 13.5 0.591 # 0.00738 16–512
86 7.64 # 0.38 0.495 # 0.0142 16–512 94.6 # 2.4 0.591 # 0.00753 16–512
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snowpack would (a) give a distribution of black carbon
particle sizes from different sources and (b) give a distri-
bution of different complex index of refractions from dif-
ferent sources. The work presented here has not considered
such distributions and the reader could use the data plotted
in Figures 3 and 4 to recalculate the effect on e-folding
depth, albedo and depth-integrated production rates.
4.3. Effect of Black Carbon Concentration
on Snowpack Penetration Depth
[22] To the authors’ knowledge, there has been no sys-
tematic quantitative study on the effect of increasing black
carbon concentrations on e-folding depths in snowpacks.
Table 3 contains a survey of the previous e-folding depth
measurements, their scattering and absorption cross-section
as modeled by TUV-snow and the predicted e-folding depth
using these cross-sections. Values of e-folding depth are
reported for a wavelength of 400 nm. The values of the
e-folding depth presented here are within the range of values
previously reported for coastal Antarctica [Beine et al.,
2006]. The Barrow snowpacks were very similar to the
coastal hard windpack, as reported by Beine et al. [2006].
Figure 2 shows the e-folding depth measured for the hard
windpack in Barrow and the predicted e-folding depth using
the model. The agreement between modeled and measured
e-folding depths gives confidence to the method described
in the work presented here. In the study presented here it
was assumed the black carbon was uniformly mixed within
the snowpack but the effect of layered snow containing
different concentrations of black carbon in different layers is
possible. Preliminary field and modeling work on layered
windpacks does not demonstrate any need to consider dif-
ferent black carbon concentrations in different wind packed
layers [France et al., 2011a]. The snowpack studied had
been re-worked by wind events and therefore the con-
centrations of particles are assumed to be well-mixed in the
top layers of the snowpack, thus, a constant black carbon
concentration with depth is assumed. Owing to the close
proximity of our study sites to human activity in Barrow,
Alaska the regional black carbon concentrations given by
Doherty et al. [2010] may not be representative of the
black carbon concentration in snow found around Barrow;
!70 ng g"1 of black carbon was found in the snowpack
[France et al., 2012]. It may be better to consider the black
carbon concentrations in Barrow akin to that of Eastern
Russia; mean Cequiv
BC values of (65 # 44) ng g"1 [Doherty
et al., 2010].
4.4. Effect of Black Carbon Concentration on Albedo
[23] The amount of black carbon in snow controls the
albedo and just a small concentration of black carbon, i.e.,
5 $ 10"8 g g"1, increases the imaginary part of the
refractive index by more than a factor of 10 [Chylek et al.,
1983]. There have been many modeling studies into the
effect of black carbon concentration on albedo [e.g.,
Jacobson, 2004; Qian et al., 2009; Wang et al., 2011;
Warren, 1984; Warren and Wiscombe, 1980a, 1980b, 1985]
that have mainly dealt with hypothetical snowpacks and the
study presented here, in contrast, uses measurements on a
specific snowpack that were part of a wider field campaign
and plots albedo versus black carbon concentration for a
specific wavelength.
4.5. The Effect of Black Carbon Concentration
on Snowpack Photochemistry and Future Outlook
[24] Lee-Taylor and Madronich [2002] produced a very
useful plot to calculate
R
J(NO3
")dz/J(NO2 ↓), i.e., the depth-
integrated photolysis rate constant of nitrate photolysis
relative to surface downwelling photolysis coefficient for
gaseous nitrogen dioxide (which is frequently measured for
field campaigns) as a function of snow albedo, e-folding depth
or sabs+ . It is not possible to use Lee-Taylor and Madronich
[2002, Figure 5] to generate the figures (Figures 3 and 4)
presented in this work as albedo and e-folding depth are also a
Table 3. Comparison of Measured and Predicted e-Folding Depths in Snow With Optical Constants Obtained From Radiative-Transfer
Calculations
Study Snow Description
e-Folding Depth
(cm (l = 400 nm))
sscatt
(m2 kg"1)
sabs+
(cm2 kg"1)Measured Predicted
Grenfell and Maykut [1977] Arctic summer, dry snow 2.4 2.3 6.4 7.3
Arctic summer, melting snow 5.3 5.4 1.1 7.8
King and Simpson [2001] Arctic Spring, windblown 1.3 1.3 25–30 4–5
Beaglehole et al. [1998] Coastal Antarctic snowdrift, summer 6.6a 6.2 7 !0.4
Beine et al. [2006] Antarctic coastal hard windpack 17b 17.3 1.3 4.3
Antarctic coastal soft windpack 3.3 3.5 6.3 24
Antarctic coastal recent windblown 4.5 4.3 3.7 37
Antarctic coastal precipitation 15 14.8 4.3 17
France et al. [2010] Fresh Ny-Ålesund snowpack 6 5.7 16.7 2.7
Melting Ny-Ålesund snowpack 9.9 9.7 0.8 19.8
Fisher et al. [2005] Midlatitude maritime windslab, melting 13.9 - 1 1
Midlatitude maritime windslab, dry 13.3 - 2–5 1–2
This Study Hard snowpack 9.9 9.7 1.7 11
Soft snowpack 9.4 9.5 2.0 11
Inland snowpack 14.8 15.3 1.7 9
Snow on sea-ice 9.4 8.8 1.8 15
aValues sabs+ and sscatt from Lee-Taylor and Madronich [2002] suggest that Lee-Taylor and Madronich [2002] interpreted the data in Beaglehole et al.
[1998] as liquid equivalent e-folding depth in contrast to King and Simpson [2001] who interpret the e-folding data in Beaglehole et al. [1998] as not
corrected for density.
bIn the original paper e-folding depth was incorrectly reported. Details of this snowpack can be found in France [2008].
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function of black carbon. The work of Lee-Taylor and
Madronich [2002, Figure 5] is an excellent resource for field
workers who may have measurements of albedo, e-folding
depth and J(NO2 ↓) and want to estimate
R
J(NO3
!)dz whereas
the work presented here demonstrates how the albedo,
e-folding depth and depth-integration photolysis coefficients of
reactions (2) and (4) respond to increasing or decreasing black
carbon concentrations for snowpacks characterized in Barrow,
Alaska in Spring.
[25] Inspection of Table 2 demonstrates that for solar
zenith angles greater than 60" and black carbon concentra-
tions greater than 20 ng g!1, the depth-integrated production
rate of NO2 production from snow approximately follows
the inverse square-root of the concentration of black carbon
(i.e., F NO2ð Þ∝ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
black carbon½ &
p ). The depth-integrated produc-
tion rate of OH radicals is similar but the power is closer to
0.6 (i.e., F OHð Þ∝ 1
black carbon½ &0:6). Such a simple approximate
relationship can be used to estimate depth-integrated pro-
duction rate response to increasing or decreasing black
carbon scenarios for black carbon concentrations greater
than 20 ng g!1 i.e., doubling the black carbon in snow
would reduce the depth-integrated production rates of NO2
and OH radicals to '70% and '65% of their initial values.
[26] Future trends of black carbon concentrations within
snow are difficult to predict as the main controls are
anthropogenic processes. Black carbon concentrations in
snow have varied significantly during the past 215 years,
gradually rising toward the mid 1800s until industrialization
caused a sharp increase in black carbon concentrations
[McConnell et al., 2007]. For around 50 years, after 1900,
the seasonal variability of black carbon concentrations
lessened as winter concentrations matched the normally
higher summer concentrations but in the late 20th Century
black carbon concentrations once again became seasonal
[McConnell et al., 2007]. Ice cores from Greenland show
that by 2000, black carbon concentrations in snow/ice
equaled the pre-industrial concentration of 1–2 ng g!1 in
clean snowpack regions [Doherty et al., 2010]. Doherty
et al. [2010] reported no increase in the black carbon con-
centrations of Arctic snow since 1984. Flanner et al. [2009]
suggest that black carbon in midlatitude snow may be con-
tributing indirectly to melt Arctic sea-ice by enhancing
warm-air advection into the Arctic. Rosen et al. [1981] show
that aerosol at Barrow, Alaska has a large increase in black
carbon during winter to spring, almost as large as found in
urban areas. Sharma et al. [2006] and Garrett et al. [2011]
indicate the large black carbon concentrations seen in
Barrow in winter and spring are due to long-range transport of
pollutants. Black carbon removal is most efficient at warmer
temperatures and higher humidities, thus a future warmer and
wetter Arctic could be cleaner [Garrett et al., 2011].
[27] A decrease in black carbon concentrations in the
snow will increase depth-integrated production rates of OH
radicals and NO2 molecules and increase the oxidative
capacity of snowpack and the atmospheric boundary layer
above [e.g., Jones et al., 2001]. A “warmer” snowpack will
tend to have a larger grain size and thus smaller values of
sscatt leading to snowpacks with large e-folding depth, see
Table 3 [Fisher et al., 2005] andWarren [1982] for a detailed
explanation. Thus “warmer” snowpacks may produce larger
depth-integrated production rates of OH radicals and NO2
[Fisher et al., 2005] and as black carbon in snow causes
warmer snowpacks, a future warmer climate could have two
effects on snow photochemistry: First, snow photochemistry
may become important (larger molecular fluxes from snow-
pack) in a warming world owing to more photochemistry
occurring in the warm snowpack and second, a warming
climate may cause a loss of snowpack thus snow photo-
chemistry will become less important due to less snow cover.
Thus a scenario may be envisaged where snow photochem-
istry may have a large effect on the oxidative potential of the
overlying atmosphere but for a shorter duration.
5. Conclusions
[28] Increasing black carbon concentrations in snow
reduces albedo, e-folding depths and depth-integrated pro-
duction rates of photochemically derived species in a com-
plicated way. For black carbon concentrations typically
measured in the snow, e-folding depth, albedo and depth-
integrated production rates of OH and NO2 can switch from
ice-dominated absorption to black carbon dominated
absorption. The e-folding depths and depth-integrated pro-
duction rates (of NO2 and OH radicals) follow a power law
relationship for black carbon concentrations greater than
20 ng g!1 and solar zenith angles greater than 60".
[29] Black carbon amounts in snow are very closely linked
to human activity and therefore the reduction or increase of
depth-integrated production rates of OH and NO2 are linked
to the increase or reduction of black carbon in the snow.
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Appendix 4 
 
Black carbon concentrations in Svalbard and Antarctic 
Snowpacks 
 
A4.1 Introduction 
The work presented in this appendix correlates with chapter 4 of the thesis.  Each 
graph has been labelled with a subjective qualitative data quality score; A means 
the quality of data is good, B means the quality of data is subjective and C means 
the quality of data is poor.  Examples of absorption spectra for individual 
transects and sampling sites can be seen in chapter 4, and the full set of absorption 
spectra have been included in this appendix.   
 
A4.2 Absorption Spectra  
A4.2.1 Svalbard 
A4.2.1.1 Lappbreen Transect 
Sampling site 2 (Figure A4.1) was situated in the central section of the glacier at 
50 m along the Lappbreen transect. 
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Figure A4.1.  Absorption spectrum of site 2 of the Lappbreen transect.  Data quality = A.  Black 
carbon absorption factor = 1.7. 
 
Sampling site 3 of the Lappbreen transect (Figure A4.2) was situated 100 m along 
the transect in the central section of the glacier. 
 
Figure A4.2.  Absorption spectrum of site 3 of the Lappbreen transect.  Data quality = A.  Black 
carbon absorption factor = 0.45. 
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Sampling site 4 (Figure A4.3) was located 150 m along the transected in the 
central section of the glacier. 
 
Figure A4.3.  Absorption spectrum of site 4 of Lappbreen transect.  Data quality = B.  Major 
issues in data quality can be seen below 400 nm.  Black carbon absorption factor = 0.35. 
 
Sampling site 5 (Figure A4.4) was located on the slope of the glacier at 200 m 
along the transect.  The snow sample was icy and some of the filters contained red 
algae. 
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Figure A4.4.  Absorption spectrum of site 5 of Lappbreen transect.  Data quality = A.  Black 
carbon absorption factor = 1.5. 
 
Sampling site 6 (Figure A4.5) was situated on the edge of the glacier at 250 m 
along the transect and the snow sample was icy. 
 
Figure A4.5.  Absorption spectrum of site 6 of Lappbreen transect.  Data quality = B.  Black 
carbon absorption factor = 0.45.  Major data quality issues below 400 nm. 
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A4.2.1.2 Lulefjellet Transect 
Sampling site 2 (Figure A4.6) was located 50 m along the transect.
 
Figure A4.6.  Absorption spectrum of site 2 of Lulefjellet transect.  Data quality = A.  Black 
carbon absorption factor = 0.23. 
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Sampling site 3 (Figure A4.7) was situated 100 m along the transect. 
 
Figure A4.7.  Absorption spectrum of site 3 of Lulefjellet transect.  Data quality = C. Black 
carbon absorption factor = 0.1. 
 
Sampling site 4 (Figure A4.8) was situated 150 m along the transect. 
 
Figure A4.8.  Absorption spectrum of site 4 of Lulefjellet transect.  Data quality = B/C.  Black 
carbon absorption factor = 0.03.  Transition between saturated and unsaturated spectra is poor.
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Sampling site 5 (Figure A4.9) was situated 200 m along the transect. 
 
Figure 4.9.  Absorption spectrum of site 5 of Lulefjellet transect.  Data quality = A.  Black carbon 
absorption factor = 0.28. 
 
Sampling site 6 (Figure A4.10) was situated 250 m along the transect. 
 
Figure A4.10.  Absorption spectrum of site 6 of Lulefjellet transect.  Data quality = C.  Black 
carbon absorption factor = 0.14.  Poor quality due to discrepancies between dark spectra. 
!""#$%&'()*(+,-./(0-123$(4-55(6-7&3(
(
( ( (
A4.2.1.3  Lappbreen Slope Transect 
Sampling site 2 (Figure A4.11) was collected 50 m along the transect. 
 
Figure A4.11.  Absorption spectrum for site 2 of the Lappbreen slope transect.  Data quality = A.  
Black carbon absorption factor = 0.42. 
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Sampling site 3 (Figure A4.12) was located 100 m along the transect.  The snow 
sampled took a long time to melt. 
 
Figure A4.12.  Absorption spectrum for site 3 of Lappbreen slope.  Data quality = A.  Black 
carbon absorption factor = 0.43. 
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Sampling site 4 (Figure A4.13) was located 150 m along the transect and the snow 
sampled took a long time to melt. 
 
Figure A4.13.  Absorption spectrum for site 4 of the Lappbreen slope transect.  Data quality = A.  
Black carbon absorption factor = 0.42. 
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Sampling site 5 (Figure A4.14) was located 200 m along the transect. 
 
Figure A4.14.  Absorption spectrum for site 5 of the Lappbreen slope transect.  Data quality = A.  
Black carbon absorption factor = 0.26. 
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Sampling site 6 (Figure A4.15) was located at the top of the slope, 250 m along 
the transect. 
 
Figure A4.15.  Absorption spectrum for site 6 of the Lappbreen slope transect.  Data quality = A.  
Black carbon absorption factor = 0.37. 
 
A4.2.1.4  Snowpits 
Figures A4.16 – A4.18 show the individual snow layers for snowpit 2 and Figure 
A4.19 shows all 3 layers of the snowpit together. 
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Figure A4.16.  Absorption spectrum for layer 1 of snowpit 2.  Data quality = A.  Black carbon 
absorption factor = 0.22. 
 
Figure A4.17.  Absorption spectrum for layer 2 of snowpit 2.  Data quality = B.  Black carbon 
absorption factor = 0.16. 
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Figure A4.18.  Absorption spectrum for layer 3 of snowpit 2.  Data quality = C.  Black carbon 
absorption factor = 0.27. 
 
Figure A4.19.  Absorption spectrum for layers 1, 2 and 3 of snowpit 2. 
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Appendix 5 
 
Assessment of Bi-Directional Reflectivity Distribution 
Function Measurements in Cold Climates 
 
A5.1 Introduction 
Contour plots at 500 nm and 1100 nm are presented for each day in Chapter 5.  
The contour plots included in this appendix show the reflectivity of the snow 
surface between 400-1500 nm in 100 m intervals. 
 
A5.2 Contour Plots 
A5.2.2  Day 1 
The first day of measurements taken at Tethys Bay using GRASS occurred on the 
11
th
 December 2010.  The location for the measurements was 74° 41.3306 S, 164° 
03.1543 E, the temperatures was -2.4 °C and sky conditions consisted of no cloud 
but high wind.  The sea-ice was > 1 m thick and the measurements surface was 
bare sea-ice with a melting surface. 
 
A5.2.2.1 Day 1, Site 2 
Figure A5.1 shows the complete set of reflected contour plots measured at site 2 
on day 1, over the wavelength range of 400–1500 nm. 
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Figure A5.1.  Reflected contour plots presenting the intensity of reflectivity between 400–1500 
nm, at 100 nm intervals.  Reflectivity measurements taken on 11
th
 December 2010 at Tethys Bay.  
The HCRF value is the intensity (indicated by the colour scale).  The solar zenith angle at which 
the measurements were taken was 52°. 
 
A5.2.3  Day 2 
The second day of measurements taken at Tethys Bay using GRASS occurred on 
the 20
th
 December 2010.  The location for the measurements was 74° 41.3306 S, 
164° 03.1543 E, the temperatures was -2.46 °C and sky conditions consisted of no 
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cloud and no wind.  The sea-ice was > 1 m think and the measurement surface 
was sea-ice covered in a faceted snow crystal layer 1-2 cm thick. 
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A5.2.3.1 Day 2, Site 1 
Figure A5.2 shows the complete set of rotated contour plots measured at site 1 on 
day 2, over the wavelength range of 400–1500 nm. 
 
Figure A5.2.  Rotated contour plots presenting the intensity of reflectivity between 400–1500 nm, 
at 100 nm intervals.  Reflectivity measurements taken on 20
th
 December 2010 at Tethys Bay.  The 
HCRF value is the intensity (indicated by the colour scale).  The solar zenith angle at which the 
measurements were taken was 53°. 
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A5.2.3.2 Day 2, Site 2 
Figure A5.3 shows the complete set of reflected contour plots measured at site 2 
on day 2, over the wavelength range of 400–1500 nm. 
 
Figure A5.3.  Reflected contour plots presenting the intensity of reflectivity between 400–1500 
nm, at 100 nm intervals.  Reflectivity measurements taken on 20
th
 December 2010 at Tethys Bay.  
The HCRF value is the intensity (indicated by the colour scale).  The solar zenith angle at which 
the measurements were taken was 57°. 
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Figure A5.4 shows the complete set of rotated contour plots measured at site 2 on 
day 2, over the wavelength range of 400–1500 nm. 
 
Figure A5.4.  Rotated contour plots presenting the intensity of reflectivity between 400–1500 nm, 
at 100 nm intervals.  Reflectivity measurements taken on 20
th
 December 2010 at Tethys Bay.  The 
HCRF value is the intensity (indicated by the colour scale).  The solar zenith angle at which the 
measurements were taken was 57°. 
 
